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ABSTRACT 
Previous studies on heat and moisture transfer in grain have concen­
trated on convection drying for single or thin layers of grain. The study 
was undertaken to determine the rates of moisture transfer in a bulk of 
corn under isothermal conditions, to obtain a measure of moisture conduc­
tivity under a thermal gradient and to investigate the temperature and 
moisture transfer phenomena in a mass of corn. 
Isothermal diffusion between dry and wet corn under unaerated condi­
tions was carried out with grain bulks of up to 1.47 lb. 
Transfer of moisture in unaerated corn mass (12 lb.) under a tempera­
ture gradient was achieved by heating one surface of the corn in a tube 
5 in. diameter and 24 in. long. 
Temperature and moisture content values for yellow corn were analyzed 
by the use of statistical procedures and analytical equations describing 
heat and mass transfer processes. 
Diffusion coefficients were from 94 x 10 ^ to 409 x 10 ^ in^ per hour 
for adsorption of moisture by corn at 12.10% moisture content wet basis 
(m.c. w.b.) and from 344 x 10 ^ to 1206 x 10 ^ in^ per hour for desorption 
by corn at 24.08% m.c. w.b. The temperature range was 50° to 104° F. The 
diffusion coefficients correlated with temperature according to the 
Arrhenius-type equation. 
The first term of the analytical series solutions to the diffusion 
equation adequately described the diffusion process. The equation for the 
sphere gave the best fit for the diffusion process by dry and wet corn 
kernels randomly mixed together. The equation for the infinite slab best 
xiii 
described the diffusion process by dry and wet corn kernels when placed 
side by side in bulk. 
-3 -3 -1 
Adsorption constants were from 4.17 x 10 to 32.07 x 10 hour and 
-3 -3 -1 desorption constants from 13.07 x 10 to 59.31 x 10 hour at tempera­
tures from 50° to 104° F. The adsorption and desorption constants for dry 
and wet corn kernels randomly mixed together were 2 to 3 times greater 
than for bulk wet and dry kernels placed side by side. Different forms of 
equation analogous to Newton's law of cooling described the adsorption and 
and desorption processes. 
The thermal gradient coefficients of bulk corn in a region 3 inches 
from a hot surface were 0.034, 0.069 and 0.098° F ^ for 8.75, 12.06 and 
14.33% m.c. w.b. respectively. The surface temperatures were from 105° 
to 189° F. 
The error function solution to the equation of linear flow of heat in 
a semi-infinite slab predicted temperatures in corn exposed to surface 
temperature of 105° F for up Co 72 hrs. to within 8.5° F of observed val­
ues. 
The effect of initial moisture content, surface temperature and dis­
tance from heated surface on moisture changes during thermal moisture con­
ductivity were highly significant. The effect of time was not significant. 
Moisture changes under a temperature gradient of up to 65° F for 72 hrs. 
were concentrated in 6 in. from the heated surface. 
The results of the study should be useful in moisture migration analy­
ses, radiation drying and convection drying where large temperature gradi­
ents exist. 
1 
INTRODUCTION 
The condition of stored grain depends on the relationships of the 
factors which influence the environment and characteristics of the grain. 
Three divisions of environment may be recognized; namely the ambient or 
outside climate, the macro-climate of the storage and the micro-climate 
within the grain. The environmental factors which are important are tem­
perature, relative humidity, moisture content, rainfall, solar radiation 
and air velocity. The main physical characteristics are flow properties 
and tendency towards natural segregation (layering), intergranular spacing 
(porosity), absorption, adsorption and desorption capacities for various 
vapors and gases (sorption), heat conductivities, thermo-moisture conduc­
tivity and thermal capacity. 
The absolute temperature of bulk grain is significant in any consider­
ation of quality maintenance and control or regulation of growth of micro-
and macrccrganisms; namely fungi, bacteria, mites and insects that attack 
stored grain. Also, temperature changes or temperature differences that 
exist within a grain mass are important because of the movement of moisture 
which they cause. The moisture transfer mechanism during drying has been 
studied extensively. Hall (1957), Henderson and Perry (1966) and Brooker 
et al. (1974) have presented summaries. But the process of drying is re­
versible due to the hygroscopic nature of grain. Moisture concentrations 
are known to occur as a result of moisture migration in stored dry grain, 
resulting in spoilage; however, the information on the mechanism of mois­
ture movement in bulk grain and the extent to which moisture migration can 
be controlled for safe storage of grain is inadequate. 
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Moisture is transferred in grain as internal liquid movement within 
the solid and as vapor from wet surfaces. The basic parameters character­
izing the moisture transfer properties of grain are the mass diffusivity 
of moisture or coefficient of moisture diffusion and the thermal gradient 
coefficient or coefficient of thermal moisture conductivity. The moisture 
diffusion coefficient is a measure of moisture movement under moistness 
potential gradient and the thermal gradient coefficient is a measure of 
the rate at which moisture is conveyed through the influence of temperature 
gradient. The temperature gradient effect on mass is therefore primarily 
determined by the change of moistness potential with temperature. 
Moisture transfer in bulk grain in the absence of temperature gradi­
ents has received little attention. Pixton and Griffiths (1971) studied 
this phenomenon and calculated diffusion coefficients for adsorption and 
desorption in wheat. Some investigators (Pabis and Henderson, 1961; Chu 
and Hustrulid, 1968; Fan et al., 1961, 1963; Becker and Sallans, 1955, 
1957; Husain ez al., 1973) have determined mass diffusivity values for 
grain. But the values are evaluated for a single grain or a thin layer of 
grain in drying and sorption experiments. 
Spoilage of grain due to accumulation of moisture is explained in 
terms of thermal moisture conductivity. In radiation drying of grain, for 
example drying by infrared rays or sun drying, the phenomenon of thermal 
moisture conductivity plays an important part. The coefficient of thermal 
moisture conductivity has been determined for wheat by Lykov, 1935, in the 
USSR, cited by Trisvyatskii (1966), but has not been determined for other 
grains. This hygrothermal property is necessary for moisture migration 
3 
analyses. 
Lykov (1966) and his coworkers have developed a system of partial 
differential equations for predicting the drying of capillary porous prod­
ucts such as grain. The development of the mathematical relationships is 
based on physical mechanisms proposed for describing moisture transfer in 
a grain kernel. The mechanisms are capillary flow, liquid diffusion, 
surface diffusion, vapor diffusion, thermal diffusion and hydrodynamic 
flow. All phenomenolcgical an4 coupling coefficients which appear in the 
system of equations have not been determined and limit the successful 
application of the drying equations to grain. Neglecting pressure and 
temperature gradients in cereal grain kernel during the drying process 
allows the use of a simplified Lykov system of equation. Determination of 
the thermal moisture conductivity coefficient will contribute to the data 
required for a more general application of Lykov's equations. 
To design and evaluate methods of reducing temperatures in stored 
grain to prevent or control moisture migration and to maintain quality, the 
designer must be able to predict temperatures in grain bins. Both analyti­
cal methods (Babbitt, 1945; Kail, 1957; Converse et al., 1973) and a numer­
ical method (Muir, 1970; Yaciuk, 1973) have been developed for predicting 
temperatures in grain bins. Hall (1957), Converse et al. (1973), Muir 
(1970) and Yaciuk (1973) have developed methods for one dimensional radial 
heat flow in cylindrical grain bin. Babbitt (1945) developed a method for 
one dimensional heat flow in a semi-infinite bulk. The methods presented 
by Converse et al. (1973), Muir (1970) and Yaciuk (1973) are those which 
have been verified by comparing predicted and measured temperatures in a 
4 
grain bin. The relationships among outside temperature, the environment 
in a storage and the condition of stored grain are imperfectly understood. 
This study is undertaken to investigate the heat and moisture trans­
fer and exchange characteristics of bulk grain and the effects of some 
factors on the transfer and exchange properties and phenomena. 
5 
OBJECTIVES 
The objectives of the study were to determine: 
1. The coefficient of moisture diffusion (coefficient of mass diffusivity 
of moisture) and the adsorption ind desorption constants for bulk un-
ventilated corn under isothermal conditions. 
2. The coefficient of thermal moisture conductivity (thermal gradient 
coefficient), in bulk corn. 
3. The effect of temperature, bulk and position on rates of moisture 
diffusion. 
4. The effect of initial moisture content, temperature of a heated sur­
face, distance from heated surface and ttec on grain moisture content 
during thermal moisture conductivity. 
5. Temperature changes with time and position in grain mass and their 
correlation with temperatures predicted from mathematical relation­
ships . 
6 
LITERATURE REVIEW 
Grain is hygroscopic and a poor conductor of heat. It will gain or 
lose moisture under a given set of temperature and relative humidity condi­
tions until equilibrium is attained. When grain is stored in bulk, the 
great thickness involved and the low thermal conductivity will reduce the 
uptake or loss of heat at the center of the grain bulk. The moisture con­
tent and temperature of grain influence grain storage life and are two 
physical variables whose transfer and exchange have received considerable 
emphasis in the study of drying and storage of grain. 
Equations for Heat and Mass Transfer in Porous Bodies 
Grain kernels are considered as capillary porous particles which are 
bodies with interconnecting voids and where capillarity is a significant 
potential in the bodies. Several physical mechanisms have been proposed 
for describing the transfer of moisture (mass) in capillary porous products 
(Brooker et al., 1974); 
1. Liquid movement due to surface forces (capillary flow); 
2. Liquid movement due to moisture concentration differences 
(liquid diffusion); 
3. Liquid movement due to diffusion of moisture on the pore surface 
(surface diffusion); 
4. Vapor movement due to moisture concentration differences (vapor 
diffusion); 
5. Vapor movement due to temperature differences (thermal diffusion); 
7 
6. Water and vapor movement due to total pressure differences 
(hydrodynamic flow). 
Thus moisture flow within grain takes place as liquid and/or vapor. 
The transfer of moisture in grain is determined by the action of mass 
driving force (gradient of the potential of moisture transfer) and by 
thermal driving force (temperature gradient). Thus nonisothermal mass 
transfer is given by (Lykov and Mikhaylov, 1961): 
\ a) 
where J = Moisture (mass) transfer flux. 
HI 
X = Ordinary coefficient of mass transfer of moisture 
(moisture conductivity). 
X = Thermal coefficient of mass transfer of moisture. 
mq 
W = Transfer potential of moisture (moistness potential). 
T = Thermal potential. 
' = & + & + i 
The transfer potential of moisture is a function of both moisture 
content and temperature. Hence the expression for the mass transfer flux 
may be rewritten as (Keey, 1972); 
•^m - - \ - Amq?? (2) 
The quantity is the reciprocal of the specific isothermal mass 
capacity given by 
= (il C m 
that is, isothermal rate of change of moisture content, M, with the mass 
transfer notential, W; and is the temoerature coefficient of the 
8 
potential of liquid transfer. Thus the mass transfer flux equation can be 
transformed into: 
Jm = - (3) 
m m 
° iî)„ where 6 = c_ 1-^1 4-
m 
The coefficient 6 is the thermal gradient coefficient. 
Under isothermal conditions (AT = 0) 
J = - X VW 
m m 
= - Am (4) 
m 
By introducing the density of the material, p, in the right hand side 
of the isothermal mass transfer flux equation the following is obtained: 
^ m =  - ^ I p V M  
= _ 
where D = Coefficient of diffusion. 
X 
Substituting D = in the nonisothermal mass transfer flux, it becomes 
"-mP 
= - pDVM - PD6VT (6) 
This last equation is the starting point for analyses of moisture migra­
tion. 
Heat transfer flux, J^, analagous to the mass transfer flux, is given 
by: 
J, - - - XqVI (7) 
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where = Ordinary coefficient of heat transfer. 
X = Thermal coefficient of mass transfer. 
mq 
When the effect of the redistribution of mass is neglected then the heat 
transfer flux becomes: 
\ (8) 
where X^ is called the thermal conductivity. 
Drying is a complex process comprising heat and moisture exchange be­
tween the surface of the substance and the surrounding medium and a trans­
fer of heat and moisture within the substance. An analytical description 
of drying or moisture movement phenomena can be found by using the equa­
tions for the fluxes in mass and energy balances over a material. Moisture 
may exist in the frozen (solid), liquid, vapor or noncondensable gas state 
designated respectively by the subscripts i = 1,2,3,4, respectively. The 
process of drying or moisture movement may be considered as a series of 
moisture fluxes, J_., that give rise to material accumulations or deple­
tions, I^. 
A mass balance for transfer within each state gives (Keey, 1972); 
 ^ (») 
where p is the bulk density of the material. Since moisture is neither 
lost nor created 
4 
Z I. = 0 
i=l ^  
And the overall mass balance is obtained as: 
= - v\ J. (10) 
i=l ^ 
10 
The heat energy balance is; 
jTrp 3 
CpP «F - - % -
where is the mean heat capacity or specific heat of the moist body, t 
is time and is the specific enthalpy of the moisture in the designated 
state. 
Simplifications of the heat and mass balance follow when it is noted 
that the quantity of noncondensable gas and vapor present is negligibly 
small, the frozen moisture is immobile and no chemical changes take place. 
Substituting the moisture transfer flux, 
= - pD^VM - pD^ôVT 
in the overall mass balance equation yields: 
p = - V(- pDVM - pD6VT) 
^ = DV^M + DgV^T (12) 
where D = D2 + 
?! = 6!,. + 41,. + 5: 
6x2 • 0y2 5z2 
Under isothermal condition the mass transfer equation reduces to the 
differential form of Pick's diffusion equation and a simplified form of 
Lykov's system of differential equations: 
^ = DV% (13) 
And for unidirectional flow 
11 
By considering temperature, moisture and pressure gradients Lykov 
and his coworkers developed a system of partial differential equations as 
follows (Brooker et al., 1974): 
H = KiaV^M + KizV^T + KiaV^P (15) 
^ = KaiV^M + K22V^T + KzsV^P (16) 
•— = KaiV^M + KaaV^T + KsaV^P (17) 
where Kn, K22, K33 are the phenomenological or straight coefficients; the 
other K - values represent the coupling coefficients. The coupling re­
sults from the combined effects of the moisture, temperature and total 
pressure gradients on the moisture, energy and total mass transfer. The 
coefficient Kii is the straight diffusion coefficient, D and K12 = K21 is 
the coupling coefficient, ÔD, for simultaneous heat and mass transfer. The 
Lykov system of partial differential equations yield the diffusion equation 
Similarly substituting the heat transfer flux, Equation 8, into the 
heat balance equation yields: 
Cpp = - V(- XqVT) + AH23P ^  
Jtm ^ _ ATT 
_ 4 r/Zrr.  ,  UC23 uii2 
" " v  T "  
|I= ctV^T + 
6t - t 
p 
X 
where a = —^ = Thermal diffusivity 
CpC 
(18) 
12 
AH23 is the enthalpy difference for a change between the condensed 
and vapor states. Vapor and liquid do not enter the porous body from out­
side. Vapor formation occurs only as a result of vaporization of liquid 
contained in the moist body. 
If the terms relating to internal vaporization of moisture are ne­
glected the heat transfer equation, bccomes: 
= aV^T (19) 
known as the Fourier equation which for steady conduction further simpli­
fies to Laplace's equation: 
0 = V^T. (20) 
Solutions to the Heat and Mass Transfer Equations 
Research workers have used a number of solutions to the diffusion 
equation for predicting the drying and sorption behavior of grains and 
other biological materials (Babbitt, 1949; Pabis and Henderson, 1961; Young 
and Whitaker, 1971). Solutions to the diffusion equation for various geo­
metric shapes have been given as follows (Newman, 1931; Crank, 1956): 
Infinite slab 
Unidirectional flow 
8 
M. - M TT^ 
X e 
(22) 
13 
= Moisture content (m.c.) at time, t; dry basis (d.b.) 
= Initial m.c. d.b. 
= Equilibrium m.c. d.b. 
a  = 1 / 2  t h i c k n e s s  
n  = 0 ,  = 0 0  
Q = Exponential 
Infinite cylinder 
No flow on flat edges 
<SM „ ^ 1 
^ r=a 
- M 
-5 Ê.= 4 
M - M 
o e 
00 
l : m 
a = r = radius of cylinder 
R = Roots of Bessel function of zero order 
n 
*î or» 
a) Flow on both flat edges 
ÔM _ „ . 1 <SM , Ô^M'\ 
â F -  "  
(23) 
(24) 
(25) 
MR = MR. X MR. 
xc IS 
Mt - M^ 
MR = — — = Moisture ratio 
M. - M 
1 e 
MR^^ = Moisture ratio for an infinite cylinder of radius, r, 
MR. = Moisture ratio for infinite slab with half thickness equal 
to one half the length of the finite cylinder. 
14 
8 x 4  
M,-M i e in=i e^ 
T 1 ^-(2n+l)2 
:n(2n+l)2t3 
n=0 M 0" (26) 
1 = 1 / 2  t h e  l e n g t h  o f  t h e  f i n i t e  c y l i n d e r  
b) Flow on one flat edge 
MR = MR. X MRÎ 
ic IS 
MRÎ = Moisture ratio for infinite slab with half thickness equal 
to the whole length of the finite cylinder. 
So that 4l^ replaces in MR^^ 
^t~\ 8x4 
M.-M 
1 e 
Sphere 
[ 
^=x n ^  -
y 1 ^-(2n+l)^ / 
J -
>S.) {!)} (27) 
M^-M 
t e 
M.-M 
1 e 
ÔM _ /g^M ^  2 GM^ 
n=l ^ 
a = r = Radius of sphere 
Brick shape 
MR = (MR^) (MRy) (MR^) 
MR = Moisture ratio in X - direction 
X 
(28) 
(29) 
MR Moisture ratio in Y - direction 
JMK. = JMoxscure racio in ^ - aireccion 
z 
M^-M 
t e 
M.-M 1 e (W y 1 _-(2n+l)^ n:o <2nH-l)^ e 
1_ ^ -(2n+l)" 
jo (^=+"'6 V y 
00 
z 
n=0 r I 2 - ^-(2n+l)^ Into (2n+l) : e  
1%) 0 
ft) 
&) 9) (30) 
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The moisture ratio is a fractional loss or gain of moisture in a 
particular direction of a material of specified shape over the moisture 
content range from initial moisture content to equilibrium moisture con­
tent. 
The equilibrium moisture content of grain may be said to have been 
reached after it has been exposed to a particular environment over an in­
finitely long period of time. The equilibrium moisture content is depen­
dent upon the humidity and temperature conditions of the environment as 
well as on the species, variety and maturity of the grain. Grain exposed 
to constant conditions of air temperature and humidity loses or gains 
moisture rapidly at first then more and more slowly. When the grain mois­
ture content is higher than the equilibrium value, moisture flows from the 
grain, drying it; when the moisture content is lower than the equilibrium 
value, moisture enters the grain, wetting it. In equilibrium, the rates 
of flow of moisture to and from the grain are equal. If grain is exposed 
in a layer only a few kernels deep, the time to reach equilibrium with the 
relative humidity of an atmosphere may be a week or more (Hunt and Pixton, 
1974). 
Researchers have usee solutions of the transient heat equation for a 
semi-infinite slab (Babbitt; 1945) and a cylinder (Hall. 1957; Converse et 
al., 1973) for predicting temperature changes in grain storages. 
Semi-infinite slab 
The slab is considered as a plane solid body of infinite thickness. 
For the semi-infinite slab the heat transfer equation may be rewritten as: 
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(31) 
where v = T - = Excess temperature 
T = Temperature of the material 
= Temperature of the surrounding air 
y = Distance into the solid from exposed surface. 
The analytical solution of the semi-infinite solid, whose surface is kept 
at temperature, T^, the initial temperature being T^, is given by Carslaw 
and Jaeger, 1959; Babbitt, 1945): 
(32) 
The definite integral in the equation is given in various tables (Carslaw 
and Jaeger, 1959) as error function x (erf x) 
where _ y 
* 2/5t 
and error function is defined by 
X 
2 er: * " /«F (G 
which is referred to as probability integral (Kutateladze and Borishanskii, 
1966). So that 
T - T 
^ = erf (33) 
T - T 2/5t 
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Infinite cylinder 
A phenomenological equation describing the transient heat transfer 
through a solid in a cylindrical storage system, where the properties of 
the stored material remain constant and the system has a large height to 
radius ratio, can be written in terms of dimensionless temperature func­
tion, V, as (Converse et al., 1973): 
§1 
ôt - " + 7 IF) (34) 
where V is defined as 
(r,t) 
Analytical solution to the equation is in the form of a series of Bessel 
functions. 
Hall (1957) and Henderson and Perry (1966) have represented the 
general solution of the unidirectional transient heat transfer equation 
in terms of four dimensionless moduli as; 
T - T / , ^ X /hr ' 
a 
T - T 
o a 
(r) 
where C = Specific heat 
r^= Cylinder radius 
k = Thermal conductivity 
h = Surface conductance, usually 1.65 for still air and 6.0 
for 15 mph (24 km. per hr.) wind. 
A graphical solution of the equation enables the determination of the tem­
perature at the center of a grain bin. 
By subdividing a cylindrical system into a finite number of concentric 
partial rings, equations based on a method of finite differences may be 
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developed for predicting the temperature at the center of a cylindrical 
grain bin (Dusinberre, 1961; Muir, 1970; Yaciuk, 1973). The conductive 
heat transfer, q, between any two spatial increments given by the following 
general equation is used: 
q = kA AI. (36) 
where A = Cross sectional area, perpendicular to the direction of 
heat flow 
AT ^
= Temperature gradient along the direction of heat flow. 
Other Moisture Transfer Relationships 
An equation which assumes that the rate of moisture loss of a grain 
kernel at a given temperature is proportional to the difference between 
the actual moisture content of the kernel and the equilibrium moisture 
content is given by: 
dM 
= - K (M_ - M ) (37) 
dt te 
Rearranging 
f ^t ^ dM. I - Kdt 
On integration 
J M -M J 
M ^ ® o 
o 
*t-Me __Kt 
M -M © 
o e 
(38) 
where K = Drying constant 
The relationship is analogous to Newton's law of cooling and is often 
used in grain-drying analyses. The constant K may be considered as adsorp­
tion or desorption constant. 
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Becker (1959) carried out a mathematical analysis of nonstationary 
state diffusion in solids of arbitrary shape and showed that at times in 
the neighborhood of zero and under the conditions: 
M = M at t = t 
o o 
M = at the bounding surface at t>0 
D = Constant 
the integral diffusion equations are of the general form: 
M = 1 - X + BX2 (39) 
/IT 
- ^AV " ^s 
where M = — — 
Mi -
= Average moisture content at given time (d.b.) 
M = Effective moisture content at the bounding surface at times 
® greater than zero (d.b.) 
B = Dimensionless constant 
X = f 
S = Area of bounding surface 
V = Volume of kernel. 
Becker (1960) has demonstrated that at small values of X the general 
diffusion equation approximates to: 
M = 1 - X 
•IT 
2 1 - M = X 
/iï 
° f (40) 
1 - M has been referred to as the relative moisture gain in an absorption 
experiment. 
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Diffusion and Hygrothermal Coefficients 
Diffusion is the process by which matter is transferred from one part 
of a system to another as a result of random molecular motions. It is 
generally agreed that moisture flow within grain takes place by diffusion 
(liquid and/or vapor) (Brooker et al., 1974). Babbitt (1949) studied the 
adsorption and desorption of water vapor in wheat and advanced a diffusion 
theory to account for the rate of adsorption and desorption. Diffusion 
coefficients have been determined for a number of cereal grains and are 
applicable to specific drying or sorption equations and specific tempera­
ture and moisture content ranges under isothermal conditions. 
Pixton and Griffiths (1971) studied moisture transfer in bulk wheat 
by exposing one set of columns of dry wheat to a high relative humidity 
at the surface and other columns of high moisture wheat to a low humidity, 
at two controlled temperatures. Diffusion coefficients were calculated to 
be 2.4 X 10"* to 8.9 x lO'* cm^/sec (0.372 - 0.403 x lO"* in^/sec) at 5° C 
( 4 1 °  F )  a n d  7 . 1  x  I C T "  t o  8 . 9  x  1 C ~ *  c m ^ / s a c  ( 1 . 1 0 1  -  1 . 3 S C  x  l O " *  i n s e c )  
at 22.5° C (72.5° F), for adsorption and desorption, respectively, over the 
moisture range 8 to 18% d.b. (7.4 to 15.3% w.b.). Observation on the rate 
which the moisture passed into and out of the columns of grain showed that 
the approach to equilibrium state was more rapid at the higher temperature. 
Becker and Sallans (1955, 1957) found that a standard solution of the 
diffusion equation for diffusion out of spheres was applicable to the 
drying of wheat in the moisture range 12 to 30% d.b. (11 to 23% w.b.). 
-6 
They calculated the diffusion coefficient which ranged from 0.069 x 10 
to 2.770 X 10 * cm^/sec (0.011 x 10 * to 0.429 x 10 * in^/sec) in the 
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temperature range 20° to 80° C (68° to 176° F). 
Fan et al. (1961, 1963) have calculated the diffusion coefficients 
of four varieties of wheat, three varieties of com and two varieties of 
sorghum. The wheat was immersed in water for a maximum time of 8 hours 
for a temperature range of -26.1° to 87.3° C (16.06° to 189.14° F). The 
com and sorghum were steeped at 0° to 100° C (32° to 212° F). The 
approximate diffusion equation derived for particles with arbitrary shape 
(Becker, 1960) was found applicable. In the corn and sorghum experiment 
the equation was found valid at the initial period (up to approximately 2 
hours) of steeping grains in water at all the temperature levels. The 
diffusion coefficients of the grains were evaluated and the results are 
given in Table 1. 
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Table 1. Diffusion coefficients of wheat, corn and sorghum during 
steeping (Fan et al., 1961, 1963) 
Grain Moisture 
content 
Temperature D 
Ponca 15.60% d.b. 26.7" -98.3° C .027-2.456 X 
wheat 
13.49% w.b. 80.1° -209° F .004-0.381 X 
Vernum 14.72 30.0 —86.0 .022-0.752 
wheat 
12.83 86.0 -187 .003-0,117 
Seneca 13.40 27.7 -98.3 .031-1.409 
wheat 
11.82 80.1 -209 .005-0.218 
Brevor 11.05 30.0 -86.0 .027-0.892 
wheat 9.95 86.0 -187 .004-0.138 
Sweet 10.10 30.0 -90.0 .040-0.800 
corn 9.17 86.0 -194 .006-0.124 
Popcorn 9.78 30.0 -90.0 .090-1.000 
8.91 86.0 -194 .039-0.155 
Dent 10.96 30.0 -90.0 .200-2.300 
com 9.88 86.0 -194 .031-0.357 
White Kafir 10.74 30.0 -90.0 .040-0.350 
sorghum 9.70 86.0 -194 .006-0.054 
Atlas Sorgo 9.73 30.0 -90.0 .050-0.400 
sorghum 8.87 86.0 -194 .008-0.062 
) ^ cm^j 
6 . 2 
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Husain et al. (1973) have evaluated the diffusion coefficients of 
rice. They reported computed values from drying experiments for tempera­
ture range from 38° to 82° C (100° - 180° F) and kernel moisture content 
from 5 to 50% d.b. (4.76 to 33.33% w.b.). The computed values of diffusion 
coefficient are as follows (Table 2); 
Table 2. Diffusion coefficient of rough rice during drying (Husain et al., 
1973) 
Moisture At 38° C (100° F) At 82° C (180° F) 
content r ^ e • z , 2 ^ . 2 
% d.b. X 10~ — X 10" — X 10 — X 10 — 
sec. sec. sec. sec. 
5 2.85 0.44 22.82 3.53 
10 5.08 0.79 57.97 8.98 
15 9.08 1,41 147.28 22.93 
20 16.22 2.51 374.23 58.01 
25 28.93 4.48 950.92 147.52 
30 51.65 8.01 2416.28 374.52 
35 92.18 14.29 6139.78 951.67 
40 164.50 25.50 15601.22 2418.19 
45 293.60 45.51 39642.80 6144.65 
50 523.97 81.21 100732.58 15613.58 
Pabis and Henderson (1961) treated corn as a brick. The solution to 
the diffusion equation for this shape was used to fit experimental thin-
layer drying data and resulted in the diffusion coefficient for corn pre­
sented by Brooker et al. (1974) as follows; 
.-9 
"corn = 6-3 - W'eli (41) 
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where D has the units ft^/hr. and T , is the absolute temperature. 
abs 
Henderson and Pabis (1961) also determined experimentally, by applica­
tion of the diffusion equation solution for a sphere, the drying constant, 
K, for corn and arrived at the following; 
'=corn = =-^= ' " ' 'e [ - |3  
where K = has the units sec 
The movement of moisture within grain bulk owing to temperature 
gradient known as thermal moisture conductivity was first discovered and 
experimentally demonstrated by Lykov in 1935 (Trisvyatskii, 1966). The 
intensity of thermal moisture conductivity is characterized by the thermal 
gradient or hygrothermal coefficient. This coefficient is given in terms 
of mass per mass-degree; hence it is usually expressed as 1/°C or 1/°F. 
The thermal gradient coefficient of hard wheat was determined by 
Lykov, 1935, quoted by Trisvyatskii (1966), by positioning a sample of 
grain in a vertical cylinder whose upper part was in contact with boiling 
water heated block and the lower part in contact with cold water. The 
moisture content was determined by layers with passage of time. The 
values of coefficient obtained are given for various moisture contents as 
follows (Table 3). 
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Table 3. Thermal gradient coefficient of hard wheat (Trisvyatskii, 1966) 
Moisture content % % per °C 
1.7 0.022 
3.0 0.027 
5.5 0.027 
8.5 0.026 
11.6 0.041 
15.0 0.050 
35.0 0.049 
39.5 0.045 
Since Lykov's work, research workers have described the effects of tempera­
ture differentials on the movement of moisture in stored grain (Anderson 
et al., 1943; Oxley, 1948). In bulk grain significant temperature gradi­
ents may develop under the influence of changes in environmental conditions 
temperature difference of 35" C across 6 ft (1.83 m) of wheat with an in­
itial moisture content of 14.6% caused the moisture content of grain in 
the cold region (0° C) to increase to 20% in 316 days. 
As both the transport of heat and moisture are strongly coupled, the 
isothermal description of moisture movement may be misleading if applied 
to drying conditions when significant temperature gradients exist. Husain 
et al. (1972) have reported that consideration of the coupling effects of 
temperature and moisture in the analysis of cereal grain drying is required 
in very limited number of cereal grains; and it is necessary to include 
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the effect of temperature gradients in the kernels only in very limited 
number of cereal grains and in very precise calculations. However the 
importance of thermal moisture conductivity in radiation drying and mois­
ture migration has been stressed by Gerzhoi and Samochetov (1958), 
Trisvyatskii (1966) and Sinha (1973). 
Factors Affecting Diffusion and Hygrothermal Coefficients 
A number of solutions to the diffusion equation for various solid 
shapes have been used as drying equations for grain. In the development 
of the diffusion type of drying equations it has been assumed that the 
diffusion coefficient is constant during the isothermal drying process and 
not dependent on the grain moisture content. Brooker et al. (1974) have 
stated that if the drying takes place over a significant moisture content 
range, this assumption will lead to serious errors in the calculated mois­
ture contents especially in the larger grains such as corn. Becker and 
Sallans (1955) have reported that diffusion coefficient is independent of 
the moisture content in the commercially important drying range of 12 to 
30% d.b. (11 to 23% w.b.). 
Chu and Hustrulid (1968) have determined the diffusion coefficient of 
corn relating it to kernel moisture content and temperature for the 120 to 
160° F (49 to 71° C) temperature range and the 25 to 36% w.b. (33 to 56% 
d.b.) initial moisture content range as follows: 
D = 0.0012 ^ + 0.10720)100 (43) 
corn J 
Moisture diffusivities rise very rapidly with temperature as (Keey, 
1972). This behavior is consistent with Eyring's theory (Glasstone et al.. 
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1941) of liquids if the diffusivity is considered to be proportional to 
the frequency that molecules can jump into vacant holes in the molecular 
lattice. 
E 
Hence D—'g~ RT 
and the Arrhenius-type equation results 
E 
= ClG" •'aba (44) 
where E = Activation energy 
R = Gas constant 
= Constants for the system. 
The diffusion coefficients obtained by Becker and Sallans (1955, 1957), 
Fan et al. (1961, 1963), Husain et al. (1973), Pabis and Henderson (1961) 
and the drying constant obtained by Henderson and Pabis (1961) correlated 
with temperature according to the Arrhenius-type equation. 
The numerical value of diffusivity depends upon not only the diffusing 
material (A) but also the medium (B) through which the solute is redis­
tributing itself. To describe diffusion through a porous body, Krisher, 
1963, cited by Keey (1972) postulated that the effective diffusivity, 
is given by: 
where = The diffusivity of moisture vapor in free air, 
Pg = The diffusion - resistance coefficient. 
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The diffusion-resistance coefficient accounts for the restricted area for 
vapor transport since transport occurs only within the pores and for 
meandering path along the irregular interconnecting capillaries. The re­
sistance coefficient may be expressed as (Keey, 1972); 
I'd ° d] 5 »6) 
where ij) = Porosity representing ratio of the available area to the 
total exposed surface, 
Ç = Tortuosity which is the ratio of actual path-length (e.g. 
meandering distance) to apparent length (e.g. the material 
thickness in normal drying). 
The diffusion-resistance coefficient for grain in bulk is greater than that 
for fully exposed grain. 
Sun Won Park et al. (1971) have investigated the effects of initial 
moisture content, temperature and relative humidity on the adsorption of 
water vapor in corn. In order of importance the factors influencing the 
adsorption rate; were relative humidity, initial moisture content and tem­
perature. The data were well described by the Elovich adsorption kinetic 
equation: 
f ' 
where M = Amount of vapor adsorbed 
a,b = Constants. 
A semi-empirical equation based on the Elovich equation was developed and 
there was agreement between experimental data and data generated by the 
equation. The semi-empirical equation is: 
M = A log (t + t^) - XA log t^ (48) 
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where M = % m.c. adsorbed d.b. 
A 
H" 
T,Tg = Temperature in R 
X = Correction factor 
rh = Relative humidity. 
Lykov's experiment (Trisvyatskii, 1966) shows that the thermal gradi­
ent coefficient is affected by moisture content and may be correlated by 
an exponential expression (Keey, 1972) ; 
5 = (49) 
where A and B are experimentally determined coefficients. 
Temperature Prediction in Grain Mass 
Babbitt (1945) made estimates from analytical temperature prediction 
equations, for variations in the temperature of wheat stored in unventi-
lated grain elevators, by considering three types of temperature variation. 
These were the temperature variation corresponding to the difference in 
temperature between day and night, the annual variation corresponding to 
the seasonal changes of temperature and the temperature change by which 
the temperature of the wheat slowly becomes equal to the mean temperature 
of the surroundings. 
Babbitt considered a mass of wheat in a grain bin as a semi-infinite 
body with constant physical properties bounded at the surface by the plane 
X = 0 and extending to infinity in the direction of x positive. By this 
simplification he was concerned only with the temperature changes in one 
direction since all planes parallel to x = 0 will have a uniform temperature. 
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In practice, the temperature changes are never confined to one dimension, 
but, he argued that, in a center bin of a grain elevator or a pile of wheat 
in a temporary storage where lateral dimensions are large compared with 
the vertical, the temperature gradients in a horizontal direction are small 
and may be neglected. The temperature distribution he calculated from the 
solution of the equation for semi-infinite solid, which is for the situa­
tion where the temperature of the wheat slowly becomes equal to the mean 
temperature of the surroundings, showed that at the end of one year the 
temperature below 20 ft (6 m) from the surface has increased less than 
1° F (0.6° C). Babbitt considered a hypothetical case of a bin filled 
initially with wheat at a temperature of 0° F (-18° C) and exposed on its 
upper surface to a temperature of 36° F (2° C). 
Converse et al. (1973) examined the effects of changes in external 
air temperature on the temperature of wheat 12.8% m.c. stored in unaerated 
22,000 bu. (775 m^) concrete upright bin 18 ft (5.5 m) diameter and 110 ft 
(33.5 m) high for 2.5 years. The temperature distributions predicted by 
the use of the equation describing the heat transfer through a solid in a 
cylindrical storage system agreed with the temperature distributions ob­
served . 
Muir (1970) and Yaciuk (1973) have examined the theoretical considera­
tion of heat flow in grain silos and have developed equations based on a 
method of finite differences for predicting the temperature at the center 
of a cylindrical grain bin. Heat flow was assumed to occur only in the 
radial direction. Muir predicted temperatures which corresponded to those 
measured in a 450 bu. (13 ton) plywood grain bin over an eight month period. 
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Yaciuk (1973) simulated data and compared them with field results. The 
comparison showed a maximum deviation of 3° C between predicted and 
measured temperature. 
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EXPERIMENTAL PROCEDURE 
The investigation consisted of two parts. In the first part diffusion 
experiments under isothermal conditions were run for combinations of two 
wet (yellow and white) and two dry (yellow and white) corn, three sizes of 
containers for the corn, three positionings of the corn kernels in the con­
tainers, and three temperatures of chambers which held the corn containers. 
The dry corn adsorbed moisture and the wet corn desorbed moisture. Grain 
moisture contents were determined for five time intervals. 
The second part of the study was a thermal moisture conductivity 
experiment which was a simultaneous heat and mass transfer process and in­
volved both heat and moisture exchange. Experimental runs were made for 
three Initial moisture contents of yellow corn. The corn was placed in an 
unaerated insulated cylindrical tube. One end of the tube and hence one 
surface of the corn was heated. Three levels of surface temperatures were 
considered. Grain temperature recordings and moisture content determina­
tions were made at specific positions in the corn under test, for three 
time intervals. The positions were multiples of three inches distances 
from the heated surface, along the axis of the tube. 
Materials and Methods 
Grain 
Twenty bushels (0.71 m^) of grade 1 Pioneer 3571 yellow corn from 
Iowa State University farm and 4.50 (0.15 m^) bushels of grade 1 white 
corn from Reid Grain Company, Hamburg, Iowa, were used for the experiments. 
The yellow corn was machine shelled and obtained from the field at a mois­
ture content of about 25% wet basis (33% d.b.). Half of the white corn 
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was wet, about 24% wet basis (32% m.c. d.b.) and the other half was dry, 
about 13% m.c. w.b. (15% m.c. d.b.). The moisture contents of the white 
corn were adequate for the experiments but part of the yellow corn needed 
drying. 
Drying of grain 
A portable dryer (Figure 1) was used to dry the yellow corn to the 
required moisture contents. It had 1 h.p. 3-phase electric motor and a 
blower with a self-cleaning radial blade fan which delivered air at 810 
c.f.m. (382 liters per sec.) through a stack of wooden trays with mesh 
bottom. The dimensions of the trays were 1 ft. 10 in. x 1 ft. 10 in. x 6 
in. (56 cm. x 56 cm. x 15 cm.). A stack of three trays each of which held 
20 lbs. (9.07 kg.) of corn was used in the drying process. A 500 watts 
heater installed at the fan assembly heated the air entering the grain to 
about 95" F (35° C). 
Seveiiteeii bushels (0.60 m^) of wet yellow corn (25% m.c. w.b.) were 
dried to below 15% m.c. w.b. for both the isothermal diffusion experimen­
tal runs and the thermal moisture conductivity experiments. For the ther­
mal diffusion process, three initial moisture contents were obtained. 
Sampling and mixing of grain 
Sampling was carried out for the determination of the initial moisture 
contents of the corn and kernel size. A grain sampler 1 3/8 in. (3.50 cm.) 
diameter was used to sample the corn. Samples were taken from the top, 
near bottom, sides and center of a rectangular grain container and from 
top and bottom of all bags containing corn. Hand sampling was carried out 
Figure 1. Portable corn dryer 
Figure 2. Boerner divider 
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from shallow containers during drying. The samples were thoroughly stirred 
and kept in clean jars. 
The isothermal diffusion experiment required a randomly mixed white 
and yellow corn, wet corn mixed with dry corn. This was achieved with the 
Boerner divider (Figure 2). White and yellow corn to be mixed were weighed 
and placed in the Boerner divider at a 50:50 ratio by weight. The Toledo 
weighing scale with 0-1.10 lb. (0-500 gm.) scale reading range together 
with additional balancing weights of 17.62 lb. (8 kg.) was used for weigh­
ing the corn (Figure 3). The mixture was run through the Boerner divider 
about 5 times to obtain a good mixture. 
Temperature control chambers 
Three temperature control chambers were used to hold jars of corn at 
controlled environment (Figures 4 and 5) during the isothermal diffusion 
experiments. The chambers were built at the Agricultural Engineering 
conducted and were modeled on the Despatch oven which is a temperature con­
trol chamber commonly used for oven air drying. Since the chambers were 
normally used below room temperature for other experiments they had cooling 
controllers. 
Each chamber had three compartments. The temperature distribution in 
the compartments was checked with theirmocouples and the Leeds and Northrup 
8692-2 temperature potentiometer (Figure 4) and was found to be uniform. 
The three compartments held 180 Mason jars of three sizes (Figure 6) ran­
domly placed on the shelves of the compartments (Figure 5). The sizes of 
the jars were one-half pint (14.44 in^ or 236.67 cm^), one pint (28.87 in^ 
Figure 3. Toledo weighing scale 
Figure 4. Closed temperature control chamber 
and temperature recorder 

Figure 5. Temperature control chamber holding 
jars of corn 
Figure 6. Three sizes of Mason jars, (medium size 
jars show thermocouple cords) 
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or 473.18 cm^) and two pints (57.75 in^ or 946.52 cm^). 
Isothermal diffusion experiment 
Wet (24% m.c. w.b. or 32% m.c. d.h.) and dry (12% m.c. w.b. or 14% 
m.c. d.b.) yellow corn and wet (24% m.c. w.b.) and dry (13% m.c. d.b. or 
15% m.c. d.b.) white corn were placed in the three sizes of Mason jars at 
various combinations. Wet yellow corn was combined with dry white corn 
and vice versa. Yellow and white corn were used to allow separation after 
certain time intervals. Wet and dry corn were combined to achieve desorp-
tion and adsorption. The processes took place at the relative humidity of 
the jar. 
Three positions of placing the corn in a jar were adopted. These 
were dry grain in the upper half of the jar, dry grain in the lower half 
of the jar and dry grain in a random mixture of dry and wet com kernels. 
For the upper and lower positioning, the dry and wet corn were combined in 
the iars at auDroximatelv eaual oroDortions bv weight. The averaee weights 
were 0.19 lb. (87 grams) dry corn and 0.19 lb. (88 grams) wet corn in the 
half-pint jar, 0.38 lb. (171 grams) dry corn and 0.38 lb. (173 grams) wet 
com in the one pint jar and 0.73 lb. (333 grams) dry corn and 0.74 lb. 
(334 grams) wet corn in the one quart or two pints jar. 
Equal numbers of the jars were placed in the three chambers controlled 
at the temperatures 50° F (10° C), 77° F (25° C) and 104° F (40° C) re­
spectively (Figures 4 and 5). The jars of com were subjected to moisture 
diffusion process for five different time intervals. These were 1 day, 2 
days, 4 days, 8 days and 16 days. The work of Fairbrother (1929), Fisher 
and Jones (1939) and Hart (1964) showed that moisture content in a random 
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mixture of dry and wet grain kernels reaches an equilibrium in 2 to 3 days. 
So that, the periods allowed for approach to equilibrium conditions in the 
three kernel positions. 
To enable moisture determination for the time intervals different 
jars were filled for the different periods. The jar for each period was 
replicated. In all 540 jars were filled with corn to provide for the 
various factor combinations. A random sample of 27 jars fitted with cop-
per-constantan thermocouples (Figure 6) monitored the temperature of the 
grain in the jars in the various chambers. The temperature of the grain 
attained the temperature of the chamber in eight hours or less. 
Thirty-six samples for two replicates of two (wet and dry or yellow 
and white) corn combinations for three sizes of jars and three positions 
of wet and dry kernels were drawn from each of the three chambers at the 
end of each of the five periods. The wet and dry kernels signified by 
being either yellow or white from replicate jars were immediately separated 
by hand (Figure 7) and placed in different jars. The moisture contents 
were then determined. The overall experiment was replicated giving 1080 
moisture values. 
Thermal moisture conductivity apparatus 
Five inches (12.70 cm.) inner diameter plexiglass tube, 24 inches 
(60.90 cm.) long, was used as grain container. Copper-constantan thermo­
couples were spaced 3 inches (7.62 cm.) apart along the axis of the cylin­
der to record grain temperature (Figure 8). 
An electric heater was installed at one end of the cylinder to provide 
heat (Figure 9). The tube was insulated with fiberglass and suspended 
Figure 7. Separation of yellow and white corn kernels 
Figure 8. Plexiglass tube with thermocouples along 
uiic oXXS 
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horizontally along the axis on a frame on either end (Figure 10). 
A variable transformer (Figure 10) was connected between the electri­
cal outlet and the heater to control the voltage of the electricity sup­
plied to the heater. The voltage setting maintained the temperature re­
quired at the heated surface. 
Thermal moisture conductivity experiment 
The plexiglass tube was filled with about 12 lb. (5.45 kg.) of corn 
(Figure 11), inserted in the insulation and covered on top with an aluminum 
plate. The tube was suspended horizontally along the axis and connected 
to the electrical mains through the variable transformer. 
The thermocouple readings were recorded from eight positions along 
the axis of the tube with a temperature potentiometer (Figure 10) to ob­
tain the initial temperature of the grain. The variable transformer was 
set at a required voltage and electricity was switched on. 
The experiment was run at three voltage settings for three initial 
moisture contents of yellow corn and for three time intervals. The voltage 
settings were 20V, 30V and 40V and produced 105° F (41° C), 145° F (63° C) 
and 189° F (87° C) average temperature respectively on the heated grain 
surface. The initial average moisture contents were 8.75%, 12.06% and 
14.33% m.c. w.b. (9.59%, 13.71% and 16.73% m.c. d.b.). The time intervals 
were 1 day, 2 days and 3 days. 
Temperature recordings were made at the end of each 24 hours. At the 
end of each period the corn kernels were removed from the cylinder in 
sections of 3 ins. (7.62 cm.) deep by hand and scoop (Figure 11). The 
midpoint of the section corresponded to the location of the thermocouple. 
Figure 10. Horizontally suspended insulated plexiglass tube, 
temperature recorder and variable transformer 
Figure 11. Plexiglass tube containing corn, and scoop 
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The segment associated with the surface temperature was 1.5 in. thick and 
had a midpoint different from the thermocouple position on the heated sur­
face. The removed grain kernels were placed in a container and sealed for 
the determination of moisture content*-
The temperature recordings and moisture determinations were made for 
points 0 in. or 0.75 in., 3 in., 6 in., 9 in., 12 in., 15 in., 18 in. and 
21 in. (0 cm. or 1.91 cm., 7.62 cm., 15.24 cm., 22.82 cm., 30.48 cm., 38.10 
cm., 45.72 cm. and 53.34 cm.) from the heated grain surface. The overall 
experiment for the 27 factor combinations was replicated. 
Moisture content determination 
The Mettler weighing balance with 1.76 lb. (800 gm.) maximum weight 
was used for weighing corn during the moisture content determination 
(Figure 12). 
Grain sample containers were made from mesh wire. There were two 
sizes of containers namely one for 0.11 lb. (50 grams) and the other for 
0.22 lb. (100 grams) of corn (Figure 13). 
The air oven method was used for moisture determinations (Hart et al., 
1959; Hunt and Pixton, 1974) and the Despatch air oven was used (Figure 
13). Fifty (0.11 lb.) or 100 grams (0.22 lb.) of representative sample of 
corn kernels were weighed and placed in the mesh wire containers. The 
containers were heated for 72 hrs. in the air oven regulated at 217.40° ± 
1.80° F (103° ± 1° C). At the end of the heating period the containers 
were removed and the corn kernels were weighed at room temperature. The 
loss in weight was expressed as percentage of the original weight. 
Figure 12. Mettler weighing balance 
Figure 13. Despatch air oven and corn sample containers 
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Kernel size determination 
In the isothermal diffusion experiment kernel size was required for 
the determination of diffusion coefficients. Three mutually perpendicular 
axes were measured to specify the dimensions of the corn kernel. These 
were the major, intermediate and minor diameters which were measured with 
micrometer screw gage. Measurements were made on a sample of 25 kernels 
from each of the dry and wet yellow and white corn. 
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DATA ANALYSIS AND RESULTS 
The moisture content values and corn kernel sizes determined in the 
isothermal diffusion experiment are given in Appendix A. The grain tem­
perature and moisture content values for the thermal moisture conductivity 
experiment are presented in Appendix B. The values were punched on cards 
to be used in programs written for the IBM 360 model 65 computer. The 
transfer parameters namely diffusion coefficients and adsorption and de-
sorption constants for the isothermal diffusion experiment and thermal 
gradient coefficient for the thermal moisture conductivity experiment were 
determined, grain temperature changes during the thermal moisture conduc­
tivity were analyzed and an analysis of variance was performed for moisture 
conductivity under temperature gradient. 
Determination of Transfer Parameters 
Mass diffusion coefficient 
In the isothermal diffusion experiment moisture contents were deter­
mined for different time intervals. To determine the diffusion coeffi­
cients nonlinear regression curves were fit to the curve of dry basis 
moisture contents versus time. The analytical solutions to the diffusion 
equation for three basic shapes namely infinite slab, infinite cylinder 
and sphere were used to describe the theoretical nonlinear regression 
curves. The equations are infinite series. The first and second terms 
of the series were used in computations. The mathematical models used 
were as follows: 
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Model la. (Infinite slab - one term) 
8 ^ 
MR = #2(3" la:y 4 (50) 
%e - \ 
where MR = ^ ^  for adsorption 
e i 
M^ - M 
t e 
M, - M i e 
for desorption 
Model lb. (Infinite slab - two terms) 
n r (T>t\ TT^ Q /Dt\ TT^ "1 
KR = e " + j (3-9 llFj 4 J (51) 
Model 2a. (Infinite cylinder - one term) 
4 ^-5.78(^) 
^= 5778 0 VaV (52) 
Model 2b. (Infinite cylinder - two terms) 
Model 3a. (Sphere - one term) 
MR 
•1,9-W" 
Model 3b. (Sphere - two terms) 
MR = & e - W . j e - ' f e ) "  (55) 
By using the nonlinear regression analysis (Atkinson, 1966) 
on the computer, the best estimates of equilibrium moisture content 
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and diffusion coefficient for the slab, cylinder and sphere were deter­
mined. The initial values of equilibrium moisture content and diffusion 
coefficient for iterations were obtained by using the moisture content 
for the 16 days period and calculating the corresponding diffusion coeffi­
cient. Geometric average diameter which has been reported as a better 
estimate of corn kernel size than arithmetic average diameter by Mohsenin 
(1968) was used for calculations. The results of computations for the six 
models on yellow corn kernels are given in Appendix C. 
The models for the sphere gave the best fit for the random positioning 
of corn kernels. Except one combination whose data were affected by mold 
development, the coefficient of determination, R^, ranged from 0.53 to 
0.98 with thirteen out of eighteen combinations having of 0.80 or above. 
The exception had = .34. The models for the infinite slab gave the 
best fit for the positioning of corn kernels above or below bulk corn. 
The R^ for the infinite slab ranged from .82 to .99. The first and second 
terms models gave almost the same results. Thus one term models were used 
in remaining one-sixth of the computations. The diffusion coefficients 
for the various factor combinations are presented in Tables 4 and 5. 
The diffusion coefficients ranged from 94 x 10 ^  to 409 x 10 ^ in^ 
per hour for adsorption and from 344 x 10 ^  to 1206 x 10 ^  in^ per hour for 
desorption for well correlated data. The coefficient of diffusion (D) 
values increased with temperature indicating an Arrhenius-type relationship 
(Figure 14). The average values for 50® F, 77° F and 104° F were respec­
tively 129, 187 and 201 x 10 ^  in^ per hour for adsorption and 408, 612 
and 875 X 10 ^ in^ per hour for desorption. Positioning and bulk which 
55b 
D 
-4 
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Desorption 
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Figure 14. Semi-log plot of D vs •=—— 
abs 
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affect diffusion resistance coefficient were sources of variation but did 
not show a definite trend of influence on the D values. 
Table 4. Diffusion coefficients (adsorption) of yellow corn at 12.10% 
m.c. w.b. 
Temperature 
"F 
Sample size 
0.19 lb. 0.38 lb. 0.74 lb. 
All values x 10 ^  in^ per hour 
Kernels randomly mixed 
with wet corn 
50 
77 
104 
Kernels below bulk 
wet corn 
50 
77 
104 
Kernels above bulk 
wet corn 
50 
77 
104 
150 
659' 
220 
186 
232 
409 
127 
132 
144 
96 
406 
387' 
136 
144 
151 
138 
174 
167 
353' 
174 
104 
137 
176 
94 
122 
157 
^Coefficient of determination, R^, was lower than 0.70. Value not 
included in computing averages for temperature. 
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Table 5. Diffusion coefficients (desorption) of yellow corn at 24.08% 
m.c. w.b. 
Sample size 
Temperature 
°F 
0.19 lb. 0.38 lb. 0.74 lb. 
All values x 10 ^  in^ per hour 
Kernels randomly mixed 
with dry corn 
50 354 462 387 
77 544 733 476 
104 754* 792 1846^ 
Kernels above bulk 
dry corn 
50 504 374 439 
77 636 511 742 
104 814 745 950 
Kernels below bulk 
dry corn 
50 344 381 426 
77 525 698 603 
104 821 1206 799 
was lower than 0.70. Value not included in computing averages 
for temperature. 
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Adsorption and desorption constants 
The adsorption and desorption constants were determined by applying 
the equation which assumes that the rate of moisture loss or gain of a 
given kernel at a given temperature is proportional to the difference 
between the actual moisture content and the equilibrium moisture content. 
This is expressed by the equation: 
MR = 0" (56) 
\ \ 
where MR = —— ^ • for adsorption 
"e "o 
ML - M t e 
M - M 
o e 
for desorption 
By using the equilibrium moisture contents calculated from the diffu­
sion coefficient determination and statistical analysis system (Barr and 
Goodnight, 1972) the adsorption and desorption constants were calculated 
for yellow corn. The use of Equation 55 gave good correlation for adsorp­
tion but poor correlation for desorption. For data obtained from random 
mixture of dry and wet corn kernels the coefficient of determination (R^) 
ranged from .72 to .94 for adsorption and .30 to .85 for desorption with 
only two out of nine desorption R^ above .70. 
Computations for desorption were repeated using the following equa­
tion: 
- M n 
= G' 
o e 
The work of Holman and Page, 1948, r^iported by Hukill (1974) indicated 
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that n ranges from .55 to .85. The value of n = .664 obtained by Flood 
et al. (1972) for drying of corn was used. The use of Equation 57 improved 
the values to the range of .47 to .94. Two out of nine values were 
.47 and .48 one of which was from data affected by mold development during 
experimentation; the rest were .72 or above. 
The use of Equations 56 and 57 for adsorption and desorption respec­
tively on data for the two other positions of corn kernels gave R^ values 
from .74 to .99. The detailed results of computations are given in Appen­
dix C. The adsorption and desorption constants are presented in Tables 6 
and 7. 
The adsorption constant (K) ranged from 4.17 x 10 ^  to 32.07 x IC ^ 
hour The K values for kernels randomly mixed with wet corn were above 
-2 -1 10 hour while the values for kernels above or below bulk wet corn were 
below this figure. The random positioning gave average values of 16.45, 
26.88 and 21.70 x 10~^ hour"^ for 50° F, 11° F and 104° F respectively. 
The average values for the position of the kernels below or above bulk wet 
corn were 5.70, 6.37 and 6.56 x 10~^ hour"^ for 50° F, 77° F and 104° F 
respectively. Thus the ratio was about 3 to 1. 
-3 -3 
The desorption constants ranged from 13.07 x 10 to 59.31 x 10 
hour , The random positioning of corn kernels gave average values of 
40.57, 50.90 and 59.31 x 10~^ hour"^ for 50° F, 77° F and 104° F respec­
tively. The average values of the position below or above bulk dry corn 
were 23.38, 22.93 and 29.95 x 10~^ hour"' for 50° F, 77° F and 104° F re­
spectively. The ratio was about 2:1. 
Though inconclusive some of the results showed an increase in K value 
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with temperature. Since diffusion-resistance coefficient for grain in 
bulk is greater than that for fully exposed grain, bulk was a source of 
variation but did not indicate a definite trend in how it varied with the 
value of K. 
Table 6. Adsorption constants of yellow corn at 12.10% m.c. w.b. 
Temperature 
°F 
Sample size 
0.19 lb. 0.38 lb. 0.74 lb. 
-3 -1 
All values x 10 hour 
Kernels randomly mixed 
with wet corn 
50 
77 
104 
Kernels below bulk 
wet corn 
cn 
77 
104 
Kernels above bulk 
wet corn 
50 
77 
104 
14.67 
32.07 
22.62 
8.05 
8.98 
4.56 
7.57 
5.41 
14.42 
30.28 
22.96 
5.98 
6.21 
5.93 
5.42 
6.44 
20.25 
18.30 
19.53 
4.17 
6.13 
5.66 
7.39 
5.08 
6.65 
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Table 7. Desorption constants of yellow corn at 24.08% m.c. w.b. 
Temperature 
"F 
Sample size 
0.19 lb. 0.38 lb. 0.74 lb. 
-3 -1 
All values x 10 hour 
Kernels randomly mixed 
with dry corn 
50 32.62 
77 47.26 
104 18.97= 
Kernels above bulk 
dry corn 
50 27.68 
77 13.17 
104 22.90 
Kernels below bulk 
dry corn 
50 15.81 
77 41.13 
104 42.68 
35.98 
32.90 
59.31 
17.52 
23.32 
25.75 
35.09 
29.65 
34.83 
53.10 
42.56 
34.98' 
22.18 
17.24 
32.06 
22.00 
13.07 
21.48 
^Coefficient of determination, R^, was lower than .50. Not included 
in computing averages. 
Thermal gradient coefficient 
For the determination of the thermal gradient coefficient (mass per 
mass-degree) the mass transfer flux equation may be rewritten for unidi­
rectional flow as (Keey, 1972): 
" -Ps» S - Pg:" # (58) 
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= Bulk density of solids 
AM = Moisture content difference over thickness AX 
AT = Temperature difference over thickness AX 
AX = Slice of thickness. 
Equation 58 assumes that mass transfer and heat flow are opposite in direc­
tion. For mass transfer in the direction of heat flow, 
J AX - p DAM 
« = "  PDA? <='> 
s 
The equation was used to determine the thermal gradient coefficient in the 
region of the grain bulk near the heated surface. which is the rate of 
moisture flow was obtained from the loss of mass of the grain moisture 
through the known surface area of the cylinder for a given time. 
W 
For a segment of thickness AX consider corn of dry mass W. If M^ is 
the amount of water at initial m.c., M^ % m.c. d.b. 
then 
«1 \ 
. «M "i" 
"l = ÎÔÔ 
w V 
Similarly M^ = -jôô 
W 
where is the amount of moisture at final m.c., % m.c., d.b. 
Therefore loss of moisture is given by: 
\ - \ 
, Ï5Ô («i - "P J = 
m TTd^ ^ 
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W (M - M ) 
" 78.54 d2t (GO) 
where d = Diameter of tube containing grain 
t = Time interval. 
Figure 15 is a plot of average temperature and moisture content versus 
distance along the axis of the cylinder. 
For the segment bounded by points 0 in. and 3 in. and assuming linear 
moisture distribution at time, t, in the segment, from similar triangles: 
M - M 
"3 "f 3.00 - 1.50 
- M 3.00 - 0.75 
= 1.50 
2.25 
= 0.67 M + .33 (61) 
And 
^3 " ^.75 ^  2.25 
- H 3.00 j o 
Mg - Mg = 1.33 (M - M.) (62) 
where = Final average m.c., d.b. of segment AX = 3 in. 
M = Moisture content d.b. at point 0 in. 
o 
N __ = Moisture content d,b, at point 0=75 in= 
= Moisture content d.b. at point 3 in. 
Therefore 
.13 W (M. - .67 M - .33 M ) 
"m 78.54 (M) 
Temp. MC 
140 14 
100 10 
0.75 in 
1.50 in. 
2.25 in. 
9 12 
Distance (in.) 
Figure 15. Grain average temperature and moisture versus distance 
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Hence, thermal gradient coefficient expressed in measured quantities for 
the 3 inch segment from the hot surface is given by: 
.13 W (M - .67 M - .33 M ) 
. 78.54 - "s" (".75 - "3) 
' (T, - T3) «« 
where W = Total dry mass of grain filling the fiberglass tube to 
a depth of 22.5 in. 
I  ^ V, 
= Wet mass 1 - 100 
' 4# (".75 - «3> 
AT = T - T, 
o j 
T^ = Temperature at point 0 in. 
T^ = Temperature at point 3 in. 
D = Diffusion coefficient corrected for temperature. 
= 876 X 10 ^  in^ per hour for 105° F 
— 1 '^OO V in ^ n 1-1 ^ f 1 ^  T7 
= 2107 X 10 ^ in^ per hour for 189° F 
Pg = 44.8 lb. per ft^. 
The thermal gradient coefficient was calculated from the above rela­
tionship using the diffusion coefficient obtained in the diffusion experi­
ment. Results of computations are given in Appendix C. The thermal gradi­
ent coefficient are presented in Table 8. 
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Table 8. Thermal gradient coefficient for yellow corn 
Hot surface temperature 
Initial 
moisture 
% w.b. 105°F 
(AT=21)* 
145°F 
(AT=42) 
189°F 
(AT=65) Average 
All values in °F~^ 
8.75 .026 .036 .039 .034 
12.06 .081 .071 .055 .069 
14.33 .110 .104 .079 .098 
Average .072 .072 .058 
^AT = Temperature gradient over 3 inch from surface. 
For the moisture range considered the thermal gradient coefficient in­
creased with initial moisture content. The thermal gradient coefficient 
for the 105 and 145° F surface temperature were the same but different 
from that of the 185* F- surrace tesriperacure. 
Grain Temperature Changes 
In the thermal gradient experiment the heat flow was constrained to 
move along the axis of the cylindrical tube. Thus the isothermal surfaces 
are planes parallel to X = G and the flow of heat is linear, the lines of 
flow being parallel to the x axis. The mass of grain was considered as a 
semi-infinite solid or solid which is bounded by the plane X = 0 and ex­
tending to infinity in the direction of x positive. 
The error function (erf) solution to the equation of linear flow of 
heat in semi-infinite slab given by the relationship: 
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T - T 
T _ = erf x (65) 
o a 
was used in predicting temperature changes with time and position for 
comparison with the observed temperatures. Rearranging, 
T = T erfc x + T erf x 
a o 
where erf x = Error function (dimensionless) 
erfc X = 1 - erf x (error function complement) 
Values of X = 2^^ were calculated for various positions, y, and time, t. 
The thermal diffusivity, ot, varied with moisture content and temperature. 
The X - values for the moisture range were the same and are presented in 
Table 9 together with erf x and erfc x values obtained from tables pre­
sented in Carslaw and Jaeger (1959). 
From values of initial temperature, T^, grain surface temperature, T^ 
and error function, temperatures were calculated for three time intervals 
and seven locations. The results of calculations are given in Table 10 
together with observed temperatures. The predicted temperatures were com­
pared to observed temperatures (Figures 16 to 18). Temperatures predicted 
from the use of the error function were within 8.5* F of the observed tem­
peratures for the grain bulk exposed to a surface temperature of 105° F for 
up to 72 hours. For exposure to the higher surface temperatures the varia­
tion was higher. Kendall's test for correlation (Bradley, 1968) was used to 
test whether the residuals were randomly distributed. The hypothesis of 
randomness was rejected indicating that the error function equation did not 
Table 9. Error function for various positions and time 
Time Depth 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in. 
X .40 .85 1.30 1.70 2.10 2.50 3.00 
tl erf X .428392 .770668 .934008 .983790 .997021 .999593 .999978 
erfc X .571608 .229332 .065992 .016210 .002979 .000407 .000022 
X .30 . 60 .90 1.20 1.50 1.80 2.10 
t2 erf X .328627 .603856 .796908 .910314 .966105 .989091 .997021 
erfc X .671373 .396144 .203092 .089686 .033895 .010909 .002979 
X .25 .50 .70 1.00 1.20 1.50 1.70 
t3 erf X .276326 .520500 .677801 .842701 .910314 .966105 .983790 
erfc X .723674 .479500 .322199 .157299 .089686 .033895 .016210 
X = 
2,/orr 
y = Depth in ft. 
a = Thermal diffusivity in ft^ per hr. 
= .00361 for corn at 9.82 m.c. w.b., 47.7° to 74.0° F temp, range. 
= .00351 for corn at 14.7% m.c. w.b., 47.7° to 7410° F temp, range, 
t == Time, hours; tl = 24 hrs.; t2 = 48 hrs.; t3 = 72 hrs. 
erf = Error function (Dimensionless). 
erfc = 1 - erf (Error function complement). 
Table 10. Observed and predicted temperatures in °F in corn exposed to various surface 
temperatures 
Treat 
• Obs. 
or 
pred. 
Inlt. 
temp. 
Surf. 
temp. 
Temp, at various distances from heated surface 
^a 
t 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in 
1 1 0 66.17 105.17 83.83 72.25 71.33 69.92 69.25 69.58 70.42 
1 1 P 88.46 75.11 68.74 66.75 66.29 66.19 66.17 
1 2 0 66.00 105.33 85.17 76.58 72.67 71.00 70.00 70.00 70.50 
1 2 P 92.41 81.58 73.99 69.53 67.33 66.43 66.12 
1 3 0 63.83 105.33 85.33 76.75 72.92 71.08 70.16 70.25 70.25 
1 3 P 93.86 83.73 77.20 72.18 67.55 65.24 64.50 
2 1 0 66.67 142.83 101.33 83.17 74.67 71.17 69.67 69.67 70.17 
2 1 P 110.20 84.14 71.70 67.90 66.90 66.70 66.67 
2 2 0 68.33 145.50 104.25 86.67 78.67 73.83 71.67 71.33 71.33 
2 2 P 120.14 98.90 84.00 75.25 70.95 69.17 68.56 
2 3 0 67.17 146.00 104.33 87.25 79.00 74.17 72.17 71.83 72.16 
2 3 P 124.21 104.97 92.57 79.57 74.24 69.84 68.45 
3 1 0 68.50 188.08 125.00 94.17 81.33 74.17 71.75 71.00 70.92 
3 1 P 136.85 95.92 76.39 70.43 68.86 68.55 68.50 
3 2 0 67.33 189.50 125.75 99.17 85.08 76.67 73.00 72.00 72.00 
3 2 P 149.35 115.73 92.14 78.27 71.47 68.66 67.69 
3 3 0 66.17 189.67 123.83 98.67 85.17 77.17 73.17 72.33 71.75 
3 3 P 155.54 125.39 105.96 85.60 77.25 70.36 68.17 
Ta= Surface temperature. 
t = Time, hours; tl = 24 hrs.; t2 = 48 hrs.; t3 = 72 hrs. 
0 = Observed. 
70 
Temp.,"F 
160 
Observed 
Predicted 
140 
120 
189° F Surface temp. 
145° F Surface temp. 100 
105° F Surface temp. 
80 
9 12 3 18 6 15 
Distance from heated surface, inches 
Figure 16. Observed and predicted temperatures in grain mass after 
hrs. exposure to specific surface temperatures 
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Figure 17. Observed and predicted temperatures in grain mass after 48 
hrs. exposure to specific surface temperatures 
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Figure 18. Observed and predicted temperatures in grain mass after 72 
hrs. exposure to specific surface temperatures 
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adequately predict the observed values. As shown from Table 10 and Figures 
16 to 18 the equation overpredicted at shallow depths and underpredicted 
at deeper levels. 
Analysis of Variance for Thermal Moisture Conductivity 
Analysis of variance 
The sources of variation of grain moisture considered in the thermal 
moisture conductivity experiment were initial moisture content, temperature 
of heated surface, distance from heated surface and time. To determine 
if these factors and their interactions have an effect on grain moisture, 
an analysis of variance was used. 
Calculations of the analysis of variance for the grain moisture con­
tents (wet basis) were made using the statistical analysis system (Barr 
and Goodnight, 1972). The experiment was a split plot design and the 
model for the analysis of variance was; 
Measurement, 
y = Rep. + Moist.(M) + Temp.(T) + Time t) +MxT+Mxt+ 
T x t + M x T x t + W  +  L o c a t i o n  ( L )  +  M x L  +  T x L  +  
L x t + M x T x L + M x t x L + T x t x L + M x T x t x L +  
' 'err-
W P = Whole plot error. 
err 
S = Split plot error. 
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Results of the analysis of variance 
The results of the analysis of variance are given In Table 11. The 
main effects due to initial moisture content, surface temperature and 
location or distance from heated surface were highly significant (1 % prob­
ability level). The first and second order interactions. Moisture x Tem­
perature, Moisture x Location, Temperature x Location, Time x Location, 
Moisture x Temperature x Location, Moisture x Time x Location, Temperature 
X Time x Location, were highly significant. 
The significant main effects indicated that significant differences 
in grain moistures due to the various factors did exist. The significant 
interactions indicated that the factors were not independent. The lack of 
significant result in the main effect due to time may be due to the fact 
that moisture movement is a slow process. 
The result of interest regarding the determination of the thermal 
gradient coefficient was the distribution of moisture with position for a 
given temperature or temperature gradient. The graphs showing the varia­
tion of moisture contents with temperature and position (Temperature x 
Location interaction) are given in Figure 19. They Indicate that the mois­
ture movement was concentrated in a short distance in a zone near the 
surface = The peak of the moisture variation izas ^v'ithin 6 in. from the 
surface. 
75a 
Table 11. Analysis of variance for thermal moisture conductivity 
Source 
of 
variation 
Degrees 
of 
freedom 
Sum 
of 
squares 
Mean 
square F 
Replicate, R 1 2.72 2.72 
Moisture, M 2 2179.94 1089.97 5818.77* 
Temperature, T 2 4.95 2.48 13.22* 
Time, t 2 0.05 0.03 0.04 
M X T 4 3.71 0.93 
* 
4.95 
M X t 4 0.51 0.13 0.68 
T X t 4 0.75 0.19 1.00 
M X T X t 8 1.41 0.18 0.94 
W P Error 26 4.87 0.19 
Location, L 7 672.37 96.05 2235.35* 
M X L 14 64.14 4.58 106.61* 
T X L 14 266.99 19.07 443.81* 
L X t 14 27.07 1.93 45.00* 
M X T X L 28 14.97 0.53 12.44* 
M X t X L 28 2.07 o
 
o
 
1.72* 
T X t X L 28 6.12 0.22 5.09* 
M X T X t X L 56 1.29 0.02 0.53 
S P Error 189 8.12 0.04 
Total 431 3262.05 
Significant at .01 probability level (Steel and Terris, 1960) 
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w.b. 
189° F Surface temp. 
145° F Surface temp. 
11 
105° F Surface temp. 
.75 9 12 
Distance (in.) 
15 18 21 
Figure 19. Distribution of moisture content with position for various 
surface temperatures 
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DISCUSSION OF RESULTS 
Diffusion Coefficients and Adsorption 
and Desorption Constants 
The diffusion coefficient is a rate term expressing the volume of 
moisture transferred per unit area of cross-section per unit thickness per 
unit time. The adsorption or desorption constant, like the drying con­
stant, expresses the characteristic adsorption or desorption rate of the 
grain under the particular condition of exposure. 
The diffusion cueîficients obtained for adsorbing by corn at 12.10% 
m.c. w.b. ranged from 94 x 10 ^  to 409 x 10 ^ in^ per hour for temperatures 
50 to 104° F and compared well with values obtained for corn in steeping 
experiments by Fan et al. (1961, 1963). Their values ranged from 22 x 10 ^ 
to 1285 X 10 ^ in^ per hour for moisture content of 8.91% to 9.88% w.b. 
and temperature range of 86 to 194° F. 
Adsorption and desorption isotherms for grains show that moisture 
content in equilibrium with a given relative humidity is higher when the 
grain is desorbing than when it is adsorbing moisture. This trend was re­
flected in the diffusion process. The diffusion coefficients for desorp­
tion were higher than the diffusion coefficients for adsorption. Similarly 
the desorption constants v!ere higher than the adsorption constants. 
Bulk or sample size and positioning of corn kernels were sources of 
variation in the diffusion experiment. Neither analyses of variance nor 
regression analyses were carried out because of the small number of data 
points. However positioning showed definite effect on the values of the 
adsorption and desorption constants. 
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Both white and yellow corn were used in the diffusion experiment. 
The white corn was primarily used to enable separation of kernels after 
the diffusion process. Private communication with plant scientists indi­
cated that there is no difference between white and yellow corn except the 
presence of yellow pigment in yellow corn. However, the data collected for 
white corn is available for further analysis. 
Thermal Moisture Conductivity 
Under the influence of a difference in temperature in bulk grain, 
transfer of moisture was caused in the direction of heat flow. At AT = 
21° F moisture changes were very small. 
Values of temperature gradient coefficients are very limited. Besides 
Lykov's (Trisvyatskii, 1966) values for wheat. Bruin quoted by Keey (1972) 
has reported 6 = .024° C ^  for peat and 6 = .020° C ^ for wood (fir). The 
values obtained by Lykov ranged from .022 to .050% per °C for moisture con­
tent range of 1.7 tc 39.5%. Higher values namely .034 to .098° F ^ for 
corn of moisture content 8.75 to 14.33% w.b. were obtained in this experi­
ment. 
Thermal gradient coefficient is reported to vary exponentially with 
initial moisture content (Keey, 1972). Though the 6 value increased with 
increase in initial moisture content for a given surface temperature, the 
moisture content range was too narrow to allow equation fitting. 
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Assumptions on Mathematical Relationships 
A number of assumptions were made in the use of the equations for the 
determination of the diffusion coefficients and adsorption and desorption 
constants. These were: 
1. The adsorbing or desorbing body was initially at a uniform 
moisture content. 
2. The surface instantaneously reached equilibrium with the environ­
ment at time, t = 0. 
3. The surface was maintained at a constant environment at time, 
t > 0. 
4. The body had a constant mass diffusivity. 
5. The body was homogeneous. 
The corn kernel is capillary porous and the corn bulk has intercon­
necting pores indicating heterogeneity. However the high coefficient of 
determination obtained indicated that this and the other assumptions were 
practical assumptions. 
Various research workers (Babbitt, 1949; Pabis and Henderson, 1961; 
Becker and Sallans, 1955, 1957) have used the exponential functions for 
various shapes for describing drying processes. The grain kernel has often 
been assumed to be a sphere and the equation for the sphere has been used 
extensively. The results of the experiment indicated that grain in bulk 
adsorbing or desorbing moisture from, or to, another mass of material be­
haved like an infinite slab. The infinite cylinder mathematical model also 
gave coefficient of determination very close to that for the infinite slab 
for desorption but not for adsorption (Appendix C). 
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Brooker et al. (1974) have reported that the difference between 
values of the moisture contents calculated from the series solution and 
the one-term solution of the equation for sphere was less than 5% if the 
dimensionless ratio Dir^t/r^ > 1.2. In this study the one term model was 
adequate for the determination of the D value. 
A finite difference method was used in the determination of the ther­
mal gradient coefficient, 6. It was assumed that in the region for which 
5 determination was made, moisture distribution was linear. For a segment 
of 3 inches thickness this assumption appeared adequate. Under steady 
state condition the thermal gradient coefficient is given by 6 = 
The use of the error function for the prediction of grain temperature 
was first made by Babbitt (1945). The parameters measured dictated the 
use of this equation. The results of the comparison between observed and 
predicted values indicated that this method gave values that varied marked­
ly from the observed values for grain mass exposed to high surface tempera­
tures . 
The infinite slab system assumed for the prediction of grain tempera­
ture meant that the changes which were of interest occurred before the 
conditions at the other unheated side of the system had any appreciable 
effect. In the study there was some slight effect and this might account 
for higher temperatures than predicted at the unheated end. 
In the infinite slab system it was assumed that the slab was initially 
at a uniform temperature throughout and the surface temperature was instan­
taneously changed to and thereafter maintained at a fixed temperature. 
Thus line voltage variation during the experiment could affect the results. 
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The assumption of uniform temperature is a common condition in practice; 
it is an almost universal condition for analytical solution because the 
introduction of a nonuniform initial distribution enormously complicates 
the solution. 
Application of Results 
The general applicability of the data such as obtained in the study 
is in the area of moisture migration analyses, radiation (sun or solar) 
drying and convection drying where large temperature gradients exist. 
Sun drying of grain is of interest to the writer. This method of 
drying is based upon the absorption of heat by the grain from sun rays. 
Evaporation and movement of moisture occur under the influence of the 
excess temperature and the partial pressure of water vapor in the grain 
over those of the surrounding air. Knowing the value of K it is possible 
to calculate the duration of the process. The use of the diffusion and 
thermal gradient coefficients would enable the calculation of rate of mois­
ture loss from grain mass and hence the drying surface area. 
The error function gave only a rough estimate of the grain temperature. 
However for grain of shallow depth and over a wide area as in sun drying 
the relationship may be useful in predicting the temperature gradient for 
the calculation of moisture transfer flux. Depending on moisture content 
the depth of grain for sun drying should be around 6 inches. 
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SUMMARY AND CONCLUSIONS 
The study was undertaken to determine the rates of moisture transfer 
in a bulk of corn under isothermal conditions, to obtain a measure of 
moisture conductivity under a thermal gradient and to investigate the tem­
perature and moisture transfer phenomena in a mass of corn. 
Diffusion between unaerated dry and wet corn under isothermal condi­
tions was carried out with grain sample size 0.19 lb. (87 grams) or greater. 
Combined wet and dry corn weighed up to 1.47 lb. (668 grams). The samples 
were held in jars of three different sizes. Three positions of the corn 
kernels were adopted. The jars were placed in three chambers at different 
temperatures for five time intervals. 
Transfer of moisture in a grain mass of 12 lb. (5.45 kg.) in unaerated 
insulated cylindrical tube 5 in. (12.70 cm.) diameter and 24 in. (60.90 
cm.) long was achieved by heating one surface of the corn in the tube. 
Three levels of surface temperatures were used. Three initial grain mois­
ture contents, three time intervals for heating and eight axial tube loca­
tions for temperature and moisture measurement were considered. 
Analytical equations describing heat and mass transfer processes and 
statistical procedures were used in analyzing temperature and moisture 
content values. 
The results of analyses of data and conclusion from them are as 
follows: 
1. The diffusion coefficients obtained were from 94 x 10 ^  to 409 
X 10 ^  in^ per hour for adsorption of moisture by dry corn at 
12.10% m.c. w.b. and from 344 x 10 ^  to 1206 x 10 ^  in^ per hour 
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for desorption by corn at 24.08% m.c. w.b. The temperature range 
was 50° to 104° F. 
-6 
The average diffusion coefficients were 129, 187 and 201 x 10 
in^ per hour for adsorption and 408, 612 and 875 x 10 ^  in^ per 
hour for desorption for the respective temperatures, 50°, 77° and 
104° F. 
The diffusion coefficients correlated with temperature according 
to the Arrhenius-type equation as follows; 
_ 3700 
D = 0.18 0 for adsorption 
_ 4000 
and D = 1.04 0 T^^^ for desorption. 
The first term of the analytical series solutions to the diffusion 
equation adequately described the diffusion process. 
The equation for the sphere best described the diffusion process 
by dry and wet corn kernels randomly mixed together. 
The equation for the infinite slab best described the diffusion 
process by dry and wet corn kernels when placed side by side in 
bulk. 
-3 
The adsorption constant obtained ranged from 4.17 to 32.07 x 10 
-1 -3 hour and the desorption constant from 13.07 to 59.31 x 10 
hour ^ at temperatures from 50 to 104° F. 
The adsorption and desorption constants for dry and wet corn 
kernels randomly mixed together were 2 to 3 times greater than 
for bulk wet and dry kernels placed side by side. 
The adsorption process was best described by the equation: 
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Moisture ratio = 0 
and the desorption process by: 
e-Kt" 
n being less than 1. 
The thermal gradient coefficients of bulk corn in a region 3 
inches from a hot surface were 0.034, 0.069 and 0.098 °F ^  for 
8.75, 12.06 and 14.33% m.c. w.b. respectively. The surface 
temperatures were from 105 to 189° F. 
The error function solution to the equation of linear flow of 
heat in semi-infinite slab predicted temperatures in corn exposed 
to surface temperature of 105® F for up to 72 hours to within 8.5' 
F of the observed temperatures. For exposure to higher tempera­
tures the difference between observed and predicted temperatures 
were considerably higher. The relationship over predicted tem­
peratures at shallow depths and underpredicted at deeper levels. 
Initial moisture content, surface temperature, location or dis­
tance from heated surface, and the interactions Moisture x Tem­
perature, Moisture x Location, Temperature x Location, Time x 
Location, Moisture x Temperature x Location, Moisture x Time x 
T V ««r T  ^A  ^
 ^ W «A. ,n> «.^ V/O  ^^  W  ^
on grain moisture contents. The effect of time was not signifi­
cant. 
Moisture movement under a temperature gradient was concentrated 
in a short distance (6 inches) from the hot surface. 
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SUGGESTIONS FOR FURTHER RESEARCH 
In the determination of the thermal gradient coefficient the 
method of finite difference by the use of the mass transfer flux 
was adopted. It should be possible to use the heat and mass 
transfer equation for unidirectional flow: 
to determine the thermal gradient coefficient. This would in-
SM ô^M 
volve running experiments for more data points for and 
S^T . , . for analysis. 
Further research is required on the distribution of moisture in 
grain with position and time. 
The variation of moisture diffusivity due to bulk needs further 
investigation. 
In view of the energy shortage and availability of solar energy, 
particularly in the tropics, for the drying of commodities, the 
determination of heat and mass transfer parameters for the design 
of drying systems is significant. Sun drying of crops on a 
drying floor or on roof-type structures has practical value in 
the tropics; and this is an area for further research and develop­
ment for the writer, who comes from Ghana, and other interested 
researchers. 
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APPENDIX A: ISOTHERMAL DIFFUSION 
EXPERIMENT DATA 
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Legend for diffusion (absorption and desorption) experiment: 
M - Moisture content 
Ml - Yellow dry corn 
M2 - White wet corn 
M3 - Yellow wet corn 
M4 - White dry corn 
(Values in % wet basis) 
(First sample 11.40%, Replicate 12.80%) 
(First sample 23.47%, Replicate 23.50%) 
(First sample 23.84%, Replicate 24.32%) 
(First sample 12.66%, Replicate 13.30%) 
B - Bulk (Size) - -
B1 - 1/2 Pint mason jar (14.44 in. or 236.67 cm_) 
B2 - 1 Pint mason jar (28.87 in, or 473.18 cm_) 
B3 - 1 Quart mason jar (57.75 in or 946.52 cm ) 
P - Position 
PI - Dry corn in upper half of jar 
P2 - Dry corn in lower half of jar 
P3 - Dry and wet corn randomly mixed 
T - Environmental (Chamber) temperature 
T1 - 50° F (10° C) 
T2 - 77° F (25° C) 
T3 -104° F (40° C) 
t - Time interval 
tl - 1 Day ( 24 hrs. or 86, 400 sees. 
t2 - 2 Days( 48 hrs. or 127, 800 sees. 
t3 - 4 Days( 96 hrs. or 345, 600 sees. 
t4 - 8 Days(182 hrs. or 691, 200 sees. 
t5 -16 Days(386 hrs. or 1382. 400 sees. 
R - Replicate 
R1 - First sample 
R2 - Replicate (Second) sample 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING 
MOISTURE AT 50" F (10° C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl tSRl 
1 1 1 12.80 12.90 13.20 14.60 15.20 
1 1 1 13.30 13.40 13.60 15.00 15.60 
1 2 1 12.60 13.60 13.80 14.40 15.10 
1 2 1 13.40 13.60 14.20 15.00 15.80 
1 3 1 15.60 16.00 16.60 17.30 17.40 
1 3 1 16.00 16.20 16.60 17.20 17.70 
2 1 1 12.20 12.40 12.80 13.40 14.80 
2 1 1 13.20 13.40 14.00 14.40 15.20 
2 2 1 12.20 12.20 13.10 13.80 14.80 
2 2 1 13.30 13.40 14.00 14.30 15.40 
2 3 1 15.80 16.40 16.70 17.10 18.00 
2 3 1 15.90 16.30 16.80 18.20 19.00 
3 1 1 12.10 12.20 12.80 14.40 14.60 
3 1 1 12.90 13.00 13.40 13.80 15.20 
3 2 1 12.40 12.50 12.60 13.40 14.40 
3 2 1 13.20 13.70 13.80 14.00 15.20 
3 3 1 15.60 16.40 16.60 17.40 17.80 
3 3 1 16.00 16.30 16.80 17.40 18.20 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING MOISTURE 
AT 50° F (10° C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 1 12.80 13.20 13.80 14.50 15.60 
1 1 14.00 14.30 14.60 15.40 16.10 
2 1 13.20 13.80 14.10 14.70 15.70 
2 1 14.00 14.70 14.80 15.40 16.40 
3 1 15.50 16.70 17.60 17.60 18.20 
3 1 16.40 17.00 17.60 17.80 18.60 
2 1 1 13.00 13.40 13.50 14.20 15.40 
2 1 1 13.60 14.00 14.40 14.80 15.60 
2 2 1 12.80 13.20 13.30 14.90 15.00 
2 2 1 13.90 14.20 14.50 15.30 16.00 
2 3 1 15.20 17.00 17.00 18.60 18.80 
2 3 1 16.70 17.20 17.60 18.20 18.70 
3 1 1 12.80 13.00 14.00 14.20 14.70 
3 1 1 13.90 14.20 14.20 15.10 15.70 
3 2 1 12.70 13.10 13.20 14.00 15.00 
3 2 1 13.60 14.00 14.20 14.70 15.80 
3 3 1 16.00 17.00 17.40 18.00 18.00 
3 3 1 16.20 17.40 17.60 18.10 18.80 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING 
MOISTURE AT 50° F (10* C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl t5Rl 
1 1 1 22.10 21.80 21.60 21.20 21.00 
1 1 1 22.60 22.40 21.80 21.20 20.40 
1 2 1 22.40 21.60 20.80 20.20 20.20 
1 2 1 22.80 22.60 22.40 21.80 21.80 
1 3 1 19.20 18.60 18.40 18.30 18.30 
1 3 1 20.40 19.80 19.60 19.60 19.60 
2 1 1 22.80 22.10 21.90 21.20 21.00 
2 1 1 23.00 22.70 22.60 22.40 22.30 
2 2 1 22.40 22.00 22.80 21.30 21.20 
2 2 1 23.40 22.60 22.40 22.00 21.60 
2 3 1 19.40 18.70 18.40 18.40 18.20 
2 3 1 20.00 19.80 19.80 19.80 19.70 
3 1 1 23.00 22.90 22.80 22.60 22.40 
3 1 1 23.00 22.80 22.70 22.00 22.00 
3 2 1 22.60 22.20 22.00 22.00 21.60 
3 2 1 23.60 23.10 22.60 22.50 22.40 
3 3 1 20.20 18.90 18.20 18.10 18.00 
3 3 1 20.40 19.80 19.60 19.60 19.40 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING MOISTURE 
AT 50° F (10° C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 1 22.80 22.50 22.00 22.00 22.00 
1 1 23.80 23.40 23.20 22.30 22.20 
2 1 23.20 23.10 22.40 22.40 22.40 
2 1 23.80 23.70 23.60 23.50 23.20 
3 1 20.40 19.80 19.40 18.80 18.40 
3 1 21.60 21.10 20.60 20.10 20.70 
2 1 1 23.20 23.00 23.00 22.80 22.60 
2 1 1 23.60 23.40 23.40 23.30 23.20 
2 2 1 23.20 23.00 23.00 22.80 22.60 
2 2 1 23.80 23.60 23.50 23.50 23.40 
2 3 1 19.60 19.40 19.30 19.20 19.00 
2 3 1 21.40 21.00 20.40 20.40 20.00 
3 1 1 23.40 22.40 23.20 23.10 23.10 
3 1 1 24.20 23.80 24.00 24.00 24.00 
3 2 1 23.50 23.40 23.10 23.00 23.00 
3 2 1 24.00 23.80 23.70 23.60 23.60 
3 3 1 20.40 20.10 19.70 19.60 19.40 
3 3 1 21.20 20.80 20.40 20.30 20.20 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING 
MOISTURE AT 77° F (25° C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl t5Rl 
1 1 2 12.80 13.00 14.20 15.40 15.80 
1 1 2 13.80 14.00 14.40 15.20 15.80 
1 2 2 12.40 13.70 14.30 15.40 16.30 
1 2 2 13.20 14.00 14.60 15.60 17.40 
1 3 2 17.20 17.40 17.70 17.80 17.90 
1 3 2 16.00 16.30 16.90 17.00 17.30 
2 1 2 12.80 12.80 13.20 14.40 15.60 
2 1 2 13.20 13.80 13.80 14.40 15.80 
2 2 2 12.40 13.20 13.60 14.80 15.60 
2 2 2 13.00 13.80 14.20 15.20 16.40 
2 3 2 16.00 16.60 16.80 17.40 17.40 
2 3 2 16.00 16.70 17.30 17.60 18.00 
3 1 2 12.40 12.80 13.00 14.20 15.40 
3 1 2 13.00 13.80 14.30 14.80 15.80 
3 2 2 12.10 12.40 13.40 14.00 15.20 
3 2 2 13,40 13.50 13.80 14.80 15.80 
3 3 2 16.70 17.00 17.60 17.60 17.60 
3 3 2 16.70 16.80 17.70 18.00 18.00 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING MOISTURE 
AT 77° F (25° C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 2 13.40 14.20 15.00 15.60 17.20 
1 2 14.90 15.00 15.50 16.40 17.40 
2 2 13.80 14.20 15.90 16,00 16.80 
2 2 14.70 15.00 15.20 16.30 17.70 
3 2 17.70 17.70 17.90 17.90 18.40 
3 2 17.60 18.20 18.40 18.60 19.40 
2 1 2 13.20 13,80 14.80 15.70 16.20 
2 1 2 14.30 14.60 15.20 17.80 18.40 
2 2 2 13.40 13.60 14.70 15.20 16.40 
2 2 2 14.40 15.10 15.80 16.20 16.80 
2 3 2 17.60 17.80 18.00 18.20 18.30 
2 3 2 17.20 18.20 18.80 19.20 19.20 
3 1 2 13.30 13.60 14.40 15.00 15.30 
3 I 2 14.00 14.40 14.80 15.00 16.60 
3 2 2 13.10 13.40 14.20 14.80 15.60 
3 2 2 14.20 14.60 14.90 15.60 16.60 
3 3 2 17.20 17.00 17.80 18.00 18.70 
3 3 2 17.30 18.00 18.00 18.80 18.80 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING 
MOISTURE AT 77° F (25* C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl t5Rl 
1 2 21.40 21.40 20.20 19.40 19.00 
1 2 21.40 21.40 21.30 20.40 19.90 
2 2 21.00 20.20 20.00 19.40 18.50 
2 2 22.00 21.20 20.90 19.80 17.60 
3 2 18.80 18.60 18.40 18.20 18.00 
3 2 19.00 18.80 18.40 18.20 18.00 
2 1 2 23.00 21.50 21.00 20.40 20.00 
2 1 2 21.80 20.90 20.80 20.00 20.00 
2 2 2 21.80 21.80 21.40 21.00 20.40 
2 2 2 22.00 22.00 21.90 21.20 21.00 
2 3 2 18.80 17.60 17.00 17.80 17.70 
2 3 2 19.20 18.60 18.00 18.00 18.00 
3 1 2 22.70 22.60 22.20 21.80 20.20 
3 1 2 23.30 23.20 23.00 22.30 22.00 
3 2 2 22.60 22.60 22.20 21.60 21.60 
3 2 2 23.40 22.80 22.40 22.20 22.00 
3 3 2 18.90 18.40 18.00 17.00 18.00 
3 3 2 19.80 19.00 19.00 19.00 19.10 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING MOISTURE 
AT 11" F (25° C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 2 23.20 23.00 22.20 20.80 21.80 
1 2 24.00 23.60 22.40 22.40 22.30 
2 2 22.90 22.80 22.20 20.70 20.50 
2 2 24.00 24.00 23.00 22.40 22.30 
3 2 19.90 19.50 19.00 18.50 18.40 
3 2 20.60 20.00 20.00 20.00 20.00 
2 1 2 22.80 22.60 22.60 22.40 22.00 
2 1 2 24.00 24.00 23.40 23.40 22.60 
2 2 2 23.00 22.80 22.80 22.40 21.40 
2 2 2 24.00 24.00 24.00 23.60 22.80 
2 3 2 20.50 19.80 18.90 18.70 18.50 
2 3 2 19.50 19.90 20.00 20.00 20.00 
3 1 2 23.20 23.20 23.00 25.00 21.80 
3 1 2 24.00 23.80 23.80 23.60 23.60 
3 2 2 22.70 22.80 22.60 22.40 20.20 
3 2 2 24.00 24.00 24.00 23.80 23.30 
3 3 2 19.20 18.80 18.00 18.00 19.00 
3 3 2 20.10 19.70 19.40 19.00 19.00 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING 
MOISTURE AT 104° F (40* C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl t5Rl 
1 1 3 12.50 13.80 14.00 14.10 15.60 
1 1 3 13.00 14.10 14.40 15.00 15.00 
1 2 3 13.20 14.30 15.00 15.80 16.00 
1 2 3 13.40 15.10 15.20 16.20 16.40 
1 3 3 15.00 16.00 16.40 16.40 16.80 
1 3 3 16.20 16.80 16.80 17.20 17.30 
2 1 3 12.60 13.40 14.40 15.20 16.40 
2 1 3 13.60 14.40 14.80 15.70 16.90 
2 2 3 12.90 13.80 14.60 15.40 16.60 
2 2 3 13.40 14.00 15.00 16.00 17.00 
2 3 3 16.30 16.60 16.90 17.00 18.20 
2 3 3 17.00 17.00 17.40 17.60 17.50 
3 1 3 12.10 12.80 13.80 14.80 15.70 
3 1 3 13.40 13.80 14.30 15.20 16.40 
3 2 3 12.30 12.70 13.60 14.60 16.10 
3 2 3 13.00 13.80 14.20 15.20 16.30 
3 3 3 15.20 16.30 17.50 17.30 17.40 
3 3 3 16.60 17.60 17.60 17.80 18.50 
M 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
1 
4 
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MOISTURE CONTENTS IN % WET BASIS OF CORN ADSORBING MOISTURE 
AT 104° F (40° C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 1 3 13.60 14.70 15.60 16.60 18.00 
1 1 3 14.60 15.40 16.00 17.00 18.00 
1 2 3 13.80 14.80 15.60 17.00 16.40 
1 2 3 14.40 15.20 16.10 17.40 18.60 
1 3 3 16.60 17.00 18.00 18.20 18.20 
1 3 3 17.80 18.00 18.10 18.60 19.80 
2 1 3 13.40 14.00 14.80 15.90 16.40 
2 1 3 13.80 14.70 15.10 16.20 17.60 
2 2 3 13.40 13.90 14.70 15.90 17.00 
2 2 3 14.40 15.10 15.80 16.60 17.60 
2 3 3 16.90 17.20 17.40 17.50 17.60 
2 3 3 17.90 18.30 18.40 18.60 19.10 
3 1 3 13.20 13.60 14.60 15.20 16.10 
3 1 3 14.00 14.50 14.80 16.20 16.40 
3 2 3 13.10 14.00 14.60 15.20 16.00 
3 2 3 14.00 14.80 15.20 15.60 16.90 
3 3 3 17.20 16.80 17.70 18.50 18.80 
3 3 3 17.60 18.30 18.50 18.80 18.80 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING 
MOISTURE AT 104° F (40° C) TEMPERATURE 
Treatment Moisture contents at various time intervals 
B P T tlRl t2Rl t3Rl t4Rl tSRl 
1 3 20.00 19.80 19.30 19.10 18.10 
1 3 21.00 20.60 20.50 19.80 19.00 
2 3 20.20 19.60 18.00 16.30 16.20 
2 3 21.00 20.40 18.80 17.40 16.90 
3 3 17.30 17.00 17.00 16.90 16.90 
3 3 19.50 19.00 18.80 18.00 18.00 
2 1 3 20.80 20.40 20.20 20.00 19.40 
2 1 3 21.80 21.20 21.20 21.00 21.00 
2 2 3 20.60 20.00 20.00 19.80 19.20 
2 2 3 21.40 20.60 20.40 20.00 19.60 
2 3 3 17.60 17.30 17.00 16.80 18.20 
2 3 3 18.60 18.20 18.00 18.00 18.00 
3 1 3 21.10 21.00 20.60 20.40 20.40 
3 1 3 23.00 22.90 21.80 21.60 21.60 
3 2 3 22.20 22.00 21.00 20.40 20.20 
3 2 3 22.00 21.60 21.20 21.10 21.00 
3 3 3 18.70 17.80 17.40 17.40 17.40 
3 3 3 18.80 18.70 18.70 18.60 18.60 
M 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
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MOISTURE CONTENTS IN % WET BASIS OF CORN DESORBING MOISTURE 
AT 104° F (40* C) TEMPERATURE (REPLICATE) 
Treatment Moisture contents at various time intervals 
B P T tlR2 t2R2 t3R2 t4R2 t5R2 
1 1 3 22.00 21.60 21.60 20.40 20.00 
1 1 3 23.00 23.00 22.80 22.20 21.80 
1 2 3 21.90 21.60 18.60 19.90 16.60 
1 2 3 23.20 22.80 22.40 21.80 21.20 
1 3 3 19.20 19.00 18.80 18.80 18.60 
1 3 3 19.20 19.20 18.90 19.20 20.60 
2 1 3 21.80 21.60 21.00 20.80 20.20 
2 1 3 23.30 23.30 22.80 22.60 22.00 
2 2 3 22.30 22.30 21.80 21.00 20.90 
2 2 3 23.60 23.60 23.40 22.20 22.10 
2 3 3 18.50 18.00 17.80 17.60 17.60 
2 3 3 19.40 19.30 19.30 19.20 19.20 
3 1 3 23.20 22.00 22.40 22.00 21.40 
3 1 3 23.60 23.50 23.40 22.80 22.60 
3 2 3 22.20 22.00 21.80 21.60 21.60 
3 2 3 23.40 23.40 23.20 22.30 22.70 
3 3 3 19.80 19.00 19.80 19.60 19.00 
3 3 3 19.20 19.00 19.00 19.80 18.70 
105 
YELLOW AND WHITE CORN KERNEL SIZES 
Diameters in inches (or centimeters) 
Corn 
Major Inter­
mediate Minor 
Arithmetic 
average 
Geometric 
average 
Yellow dry 0.4556 0.3016 0.1758 0.3110 0.2891 
(1.1571) (0.7662) (0.4464) (0.7899) (0.7342) 
Yellow wet 0.4540 0.3128 0.1854 0.3174 0.2975 
(1.1531) (0.7944) (0.4709) (0.8061) (0.7556) 
White dry 0.4365 0.3352 0.1954 0.3224 0.3058 
(1.1087) (0.8515) (0.4962) (0.8188) (0.7766) 
White wet 0.4568 0.3468 0.2175 0.3404 0.3254 
(1.1603) (0.8808) (0.5525) (0.8645) (0.8265) 
106 
APPENDIX B: THERMAL MOISTURE CONDUCTIVITY 
EXPERIMENT DATA 
107 
Legend for thermal moisture conductivity experiment: 
M - Moisture content (Initial) 
Ml - Average: 8.75% w.b. 
M2 - Average: 12.06% w.b. 
M3 - Average: 14.33% w.b. 
T - Temperature of heated grain surface 
T1 - Temperature obtained with 20 volts setting 
T2 - Temperature obtained with 30 volts setting 
T3 - Temperature obtained with 40 volts setting 
t - Time interval 
tl - 1 day (24 hrs) 
t2 - 2 days (48 hrs) 
t3 - 3 days (72 hrs) 
Locations at which temperature and moisture contents were measured. 
0 or 0.75 inch from heated grain surface 
3 inches from heated grain surface 
6 inches from heated grain surface 
9 inches from heated grain surface 
12 inches from heated grain surface 
15 inches from heated grain surface 
18 inches from heated grain surface 
21 inches from heated grain surface 
R - Replicate 
R1 - First sample 
R2 - Replicate (Second) sample 
(105° F av.) 
(145° F av.) 
(189° F av.) 
TEMPERATURE!Î IN °F DURING THERMAL MOISTURE 
CONDUCTIVITY AT 20 VOLTS SETTING 
Treatment Temperature at various distances from heated surface 
M T t R 
i.IlXL . 
temp. 
0 in. 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in 
1 1 1 1 71.0 106.0 84.0 76.0 73.0 71.5 71.0 72.0 74.0 
1 1 1 2 74.0 110.0 90.0 82.0 79.0 77.0 76.0 76.0 76.0 
1 1 2 1 70.0 106.0 86.0 78.0 75.0 73.0 72.5 73.0 75.0 
1 1 2 2 75.0 110.0 90.0 82.0 78.0 77.0 76.0 76.0 77.0 
1 1 3 1 70.0 107.0 87.0 78.5 75.0 73.5 72.5 73.0 73.0 
1 1 3 2 73.0 109.0 89.0 80.0 77.0 76.0 75.0 75.0 75.0 
2 1 1 1 60.0 102.0 80.0 71.5 67.0 66.0 65.5 65.5 65.5 
2 1 1 2 70.0 106.0 88.0 80.0 76.0 74.5 74.0 74.0 75.0 
2 1 2 1 59.0 102.5 83.0 74.5 70.0 68.0 67.0 67.0 67.0 
2 1 2 2 68.0 107.0 87.0 78.0 75.0 74.0 73.5 73.0 73.0 
2 1 3 1 56.0 101.0 81.0 73.0 68.5 66.5 65.5 65.5 65.5 
2 1 3 2 65.0 109.0 90.0 82.0 79.0 77.0 76.0 76.0 76.0 
3 1 1 1 61.0 101.0 79.0 69.0 65.0 64.0 63.0 63.0 63.0 
3 1 1 2 61.0 106.0 82.0 73.0 68.0 66.5 66.0 67.0 69.0 
3 1 2 1 61.0 103.0 82.0 73.0 69.0 67.0 66.0 66.0 66.0 
3 1 2 2 63.0 103.5 83.0 74.0 69.0 67.0 65.0 65.0 65.0 
3 1 3 1 65.0 103.0 83.0 74.0 70.0 67.5 67.0 67.0 67.0 
3 .1 3 2 54.0 103.0 82.0 73.0 68.0 66.0 65.0 65.0 65.0 
TEMPERATURE;S IN "F DURING THERMAL MOISTURE 
CONDUCTIVITY AT 30 VOLTS SETTING 
Treatment Temperature at various distances from heated surface 
M T t R 
XliXU • 
temp. 
0 in. 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in 
1 2 1 1 77.0 148.0 106.0 89.0 81.0 78.0 77.0 77.0 79.0 
1 2 1 2 76.0 150.0 108.0 90.0 82.0 78.0 77.0 76.5 76.0 
1 2 2 1 78.0 150.0 108.5 91.0 84.0 80.0 78.0 78.0 78.0 
1 2 2 2 75.0 147.0 105.0 89.0 81.0 77.0 75.0 75.0 75.0 
1 2 3 1 75.0 149.0 108.0 92.0 85.0 80.0 79.0 79.0 80.0 
1 2 3 2 73.0 149.0 106.0 90.0 82.5 78.0 76.0 76.0 77.0 
2 2 1 1 56.0 137.0 92.0 74.0 65.0 62.0 61.0 61.5 63.0 
2 2 1 2 65.0 147.0 105.0 86.0 77.0 74.0 72.0 72.0 72.0 
2 2 2 1 58.0 137.0 97.0 79.0 71.0 66.0 64.0 64.0 64.0 
2 2 2 2 69.0 152.0 110.0 92.0 84.0 80.0 77.0 76.0 76.0 
2 2 3 1 59.0 140.0 98.5 81.5 72.5 68.0 66.0 65.0 65.0 
2 2 3 2 69.0 149.0 107.0 90.0 82.0 77.0 76.0 75.0 75.0 
3 2 1 1 61.0 134.0 95.0 78.0 69.0 65.0 63.0 63.0 63.0 
3 2 1 2 65.0 141.0 102.0 82.0 74.0 70.0 68.0 68.0 68.0 
3 2 2 1 65.0 142.0 101.0 83.0 74.0 68.0 66.0 66.0 66.0 
3 2 2 2 65.0 145.0 104.0 86.0 78.0 72.0 70.0 69.0 69.0 
3 2 3 1 62.0 143.0 101.5 83.0 74.0 69.0 66.0 66.0 66.0 
3 2 3 2 65.0 146.0 105.0 87.0 78.0 73.0 70.0 70.0 70.0 
o kO 
TEMPERATURES IN °F DURING THERMAL MOISTURE 
CONDUCTIVITY AT 40 VOLTS SETTING 
Treatment Temperature at various distances from heated surface 
M T t R 
lllXL . 
temp. 
0 in. 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in 
1 3 1 1 75.0 186.0 126.0 99.0 85.0 79.0 76.0 75.5 75.0 
1 3 1 2 75.0 191.0 128.0 101.0 87.0 80.0 77.0 76.0 76.0 
1 3 2 1 76.0 187.0 125.0 100.0 87.0 80.0 77.0 76.0 76.0 
1 3 2 2 75.0 192.0 126.0 100.0 87.0 79.0 76.0 75.0 75.0 
1 3 3 1 73.0 192.0 125.0 101.0 89.0 82.0 79.0 78.0 78.0 
1 3 3 2 70.0 190.0 125.0 100.0 88.0 80.0 76.0 75.5 75.0 
2 3 1 1 65.0 188.5 120.0 92.0 77.0 70.0 67.0 66.5 66.5 
2 3 1 2 66.0 190.0 127.0 87,0 83.0 76.0 74.0 73.0 73.0 
2 3 2 1 64.0 188.0 122.0 96.0 81.0 72.0 68.0 67.0 67.0 
2 3 2 2 62.0 195.0 126.0 101.0 87.0 79.0 75.0 74.0 74.0 
2 3 3 1 56.0 184.0 118.0 93.0 78.0 70.0 65.0 64.5 64.5 
2 3 3 2 66.0 195.0 126.0 101.0 88.0 80.0 76.0 75.0 74.0 
3 3 1 1 61.0 185.0 120.0 89.0 74.0 65.0 63.5 63.0 63.0 
3 3 1 2 69.0 188.0 129.0 97.0 82.0 75.0 73.0 72.0 72.0 
3 3 2 1 63.0 183.0 121.5 95.0 80.5 71.0 67.0 66.0 66.0 
3 3 2 2 64.0 192.0 128.0 103.0 88.0 79.0 75.0 74.0 74.0 
3 3 3 1 61.0 184.0 120.0 95.0 81.0 72.0 68.0 67.0 66.0 
3 3 3 2 71.0 193.0 129.0 102.0 87.0 79.0 75.0 74.0 73.0 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
MOISTURE CONTENTS IN % WET BASIS DURING THERMAL MOISTURE 
CONDUCTIVITY AT 20 VOLTS SETTING 
Moisture content at various distances from heated surface 
Init. , J., 
Ht. 
lbs. M.C. 0.75 in. 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in. 
12.10 8.88 8.65 8.95 8.90 8.87 8.86 8.87 8.85 8.85 
11.96 8.65 8.45 8.75 8.70 8.68 8.63 8.65 8.65 8.68 
12.04 8.75 8.30 9.03 8.85 8.83 8.80 8.83 8.78 8.75 
12.02 8.50 8.08 8.70 8.65 8.60 8.57 8.55 8.55 8.60 
12.14 8.45 7.85 8.73 8.65 8.58 8.55 8.58 8.60 8.60 
11.94 8.45 7.90 8.60 8.53 8.48 8.47 8.45 8.49 8.50 
11.96 12.20 11.70 12.25 12.20 12.18 12.07 12.23 12.00 12.20 
12.02 12.00 11.30 12.20 12.10 12.05 12.01 12.03 12.00 12.05 
12.16 12.20 11.43 12.30 12.13 12.08 12.05 12.13 12.23 12.18 
12.02 12.10 10.78 12.35 12.20 12.15 12.13 12.10 12.10 12.10 
11.74 12.30 11.30 12.75 12.48 12.45 12.35 12.38 12.40 12.30 
11.78 11.90 10.40 12.40 12.15 11.98 11.95 12.00 11.90 11.85 
12.08 14.38 13.50 14.60 14.55 14.50 14.45 14.50 14.43 14.30 
12.44 14.33 13.63 14.53 14.43 14.40 14.38 14.55 14.45 14.48 
12.24 14.55 13.00 14.85 14.40 14.38 14.35 14.50 14.45 14.33 
11.90 14.35 12.95 14.90 14.40 14.30 14.20 14.30 14.30 14.30 
12.45 14.50 12.25 14.95 14.70 14.60 14.57 14.55 14.50 14.50 
12.12 14.35 12.35 15.10 14.65 14.58 14.55 14.50 14.50 14.40 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
MOISTURE CONTENTS IN % WET BASIS DURING THERMAL MOISTURE 
CONDUCTIVITY AT 30 VOLTS SETTING 
Init. 
Moisture content at various distances from heated surface 
Init. 
wc. 
lbs. M.C. 0.75 in. 3 in. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in. 
11.96 8.76 7.73 9.18 8.90 8.83 8.80 8.88 8.90 8.90 
11.92 8.30 7.15 8.70 8.40 8.35 8.31 8.33 8.30 8.30 
11.78 8.72 7.25 9.43 9.08 8.78 8.80 8.75 8.80 8.83 
11.94 8.40 6.40 8.75 8.60 8.53 8.50 8.51 8.50 8.48 
12.02 8.64 6.50 9.40 9.20 8.75 8.68 8.73 8.88 9.00 
11.96 8.40 6.20 8.90 8.80 8.43 8.41 8.40 8.40 8.50 
11.84 11.88 10.08 12.33 11.95 11.90 11.89 11.87 11.88 11.88 
12.18 12.18 9.50 13.10 12.35 12.24 12.23 12.20 12.23 12.18 
11.96 11.80 9.30 13.00 12.40 12.10 12.05 12.00 12.00 12.15 
12.02 12.00 8.38 13.10 12.50 12.10 12.05 11.93 11.88 11.98 
11.70 11.80 8.45 13.25 12.75 12.15 12.10 12.05 12.10 12.10 
12.00 12.05 7.55 13.20 12.85 12.25 12.11 12.10 12.10 12.00 
12.26 14.30 11.20 15.25 14.55 14.40 14.32 14.30 14.40 14.35 
12.12 14.10 10.85 15.85 14.80 14.70 14.25 14.05 14.05 14.00 
12.26 14.20 9.85 15.80 14.70 14.43 14.40 14.38 14.43 14.20 
12.12 13.90 9.20 15.43 14.45 14.00 13.98 14.00 14.00 13.90 
12.42 14.50 9.50 16.70 15.10 14.70 14.61 14.60 14.60 14.50 
12.15 14.00 8.85 16.25 15.23 14.43 14.05 14.25 14.28 14.05 
NJ 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
MOISTURE CONTENTS IN % WET BASIS DURING THERMAL MOISTURE 
CONDUCTIVITY AT 40 VOLTS SETTING 
Moisture content at various distances from heated surface 
IniC' Inlt. 
.F- M.C. 
IDS' 0.75 in. 3 In. 6 in. 9 in. 12 in. 15 in. 18 in. 21 in. 
12.00 9.10 6.30 10.55 9.45 9.20 9.15 9.15 9.05 9.05 
11.80 9.20 5.58 10.43 9.65 9.23 9.21 9.20 9.25 9.20 
12.00 8.75 5.40 10.20 9.55 8.95 8.86 8.90 9.00 9.10 
11.80 9.30 4.93 10.38 10.25 9.50 9.31 9.30 9.30 9.35 
11.96 9.10 4.05 11.00 10.80 9.55 9.20 9.13 9.10 9.10 
12.06 9.10 4.45 9.95 10.75 9.43 9.25 9.10 9.08 9.10 
11.96 11.95 7.80 13.90 12.30 12.20 12.10 12.40 12.35 12.20 
12.06 12.10 6.90 14.15 12.75 12.15 12.11 12.12 12.13 12.10 
12.16 12.05 6.53 14.68 12.98 12.28 12.15 12.13 12.33 12.43 
11.78 12.20 5.63 14.70 13.90 12.48 12.23 12.20 12.23 12.20 
11.98 12.58 5.75 15.10 14.33 12.93 12.70 12.65 12.60 12.58 
12.18 12.03 4.65 15.35 14.03 12.43 12.25 12.10 12.08 12.08 
12.32 14.48 7.18 16.60 14.85 14.63 14.58 14.60 14.58 14.45 
12.46 14.30 8.50 17.23 14.90 14.43 14.31 14.20 14.33 14.40 
12.50 14.50 6.90 17.88 15.70 14.70 15.53 15.50 14.63 14.55 
12.30 14.40 6.86 18.15 15.78 14.58 14.45 14.40 14.38 14.45 
12.25 14.40 5.73 17.95 16.85 14.90 14.60 14.63 14.58 14.60 
12.34 14.35 5.50 17.75 16.65 14.55 14.40 14.35 14.30 14.30 
w 
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APPENDIX C: DETAILED RESULTS OF TRANSFER 
PARAMETERS COMPUTATIONS 
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Legend for diffusion experiment parameters: 
M - Moisture content (Values in % dry basis) 
Ml - Yellow dry corn (First sample 12.87%, Replicate 14.68) 
M3 - Yellow wet corn (First sample 31.30%, Replicate 32.14) 
M^^- Equilibrium moisture content for first sample 
M^2~ Equilibrium moisture content for replicate sample 
B - Bulk (Size) -
B1 - 1/2 Pint mason jar (14.44 in») 
B2 - 1 Pint mason jar (28.87 in,) 
B3 - 1 Quart mason jar (57.75 in ) 
P - Position 
PI - Dry corn in upper half of jar 
P2 - Dry corn in lower half of jar 
P3 - Dry and wet corn randomly mixed 
T - Temperature of chamber 
T1 - 50° F 
T2 - 77° F 
T3 -104° F 
D = Diffusion (Adsorption or desorption) coefficient 
K = Adsorption or desorption constant 
R'^ = Coefficient of determination 
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DIFFUSION EXPERIMENT PARAMETERS FROM DIFFUSION EQUATION SOLUTION 
Model la - Infinite Slab (One Term) 
Treatment 
^el ^2 D R2 
M B P T 
% d.b. % d.b. in^/24 hrs. 
1 1 3 1 20.9482 21.6900 .02232135 0.887 
1 1 3 2 21.5304 21.9746 .07504830 0.599 
1 1 3 3 19.9328 22.1168 .02943694 0.966 
1 2 3 1 21.5637 22.3912 .01803138 0.752 
1 2 3 2 20.6155 22.2490 .05038649 0.887 
1 2 3 3 20.8663 21.2489 .04924939 0.491 
1 3 3 1 21.1054 21.7579 .02549326 0.883 
1 3 3 2 21.3484 21.9456 .04662098 0.569 
1 3 3 3 21.1264 22.5684 .02534979 0.825 
3 1 3 1 24.2610 25.8870 .04358138 0.916 
3 1 3 2 22.3849 24.9461 .06349686 0.968 
3 1 3 3 22.7849 23.9761 .08337269 0.342 
3 2 3 1 24.4562 25.7285 .05581405 0.754 
3 2 3 2 22.3360 24.7076 .08594877 0.844 
3 2 3 3 22.0562 23.7704 .09008323 0.976 
3 3 3 1 24.2445 25.5480 .04747362 0.964 
3 3 3 2 23.4136 23.7890 .05604598 0.840 
3 3 3 3 22.9700 23.9800 .90068259 0.636 
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Model lb - Infinite Slab (Two Terms) 
Treatment 
^el ^e2 D R2 
M B P T 
% d.b. % d.b. in^/24 hrs. 
1 1 3 1 20.9474 21.6879 .02235145 0.886 
1 1 3 2 21.5304 21.9744 .07498620 0.599 
1 1 3 3 19.9329 22.1153 .02945486 0.966 
1 2 3 1 21.5613 22.3874 .01807936 0.751 
1 2 3 2 20.5156 22.2486 .05036156 0.888 
1 2 3 3 20.8663 21.2484 .04924026 0.491 
1 3 3 1 21.1045 21.7560 .02552287 0.882 
1 3 3 2 21.3481 21.9449 .04662590 0.568 
1 3 3 3 21.1252 22.5660 .02538470 0.824 
3 1 3 1 24.2617 25.8880 .04384331 0.916 
3 1 3 2 22.3854 24.9563 .06373694 0.968 
3 1 3 3 22.7851 23.9762 .08359834 0.342 
3 2 3 1 24.4566 25.7295 .05612266 0.784 
3 2 3 2 22=3364 24.7077 .08621905 0.844 
3 2 3 3 22.0563 23.7704 ,09030666 0.976 
3 3 3 1 24.2454 25.5489 .04774011 0.964 
3 3 3 2 23.4139 23.7897 ,05627350 0.840 
3 3 3 3 22.9700 23.9800 .95632455 0.636 
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Model 2a - Infinite Cylinder (One Term) 
M 
Treatment 
B 
\l 
% d.b. 
M 
e2 
d.b. in /24 hrs. 
R 
1 3 1 21.0564 21.7772 .00755528 0.907 
1 3 2 21.5397 21.9824 .02930905 0.610 
1 3 3 19.9774 22.1667 .01052429 0.974 
2 3 1 21.8384 22.6375 .00544413 0.788 
2 3 2 20.6421 22.2740 .01884822 0.896 
2 3 3 20.9010 21.2760 .01821597 0.510 
3 3 1 21.2234 21.8570 .08569667 0.912 
3 3 2 21.3979 21.9909 .01688990 0.601 
3 3 3 21.2189 22.6697 .00867151 0.852 
3 1 3 1 24.2397 25.8670 .01626529 0.920 
3 1 3 2 22.3708 24.9453 .02446562 0.969 
3 1 3 3 22.7802 23.9722 .03301505 0.342 
3 2 3 1 24.4394 25.7110 .02112035 0.791 
3 2 5 2 22,3300 24,7033 -03396554 0.845 
3 2 3 3 22.0531 23.7676 .03592682 0.977 
3 3 3 1 24.2244 25.5285 .01781106 0.971 
3 3 3 2 23.4010 23.7745 .02147272 0.846 
3 3 3 3 22.9767 23.9875 .08385147 0.636 
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Model 2b - Infinite Cylinder (Two Terms) 
Treatment 
\l 
% d.b. 
^e2 
% d.b. in /24 hrs. 
M 
1 3 1 21.0402 21.7631 .00767476 0.905 
1 3 2 21.5404 21.9826 .02916718 0.610 
1 3 3 19.9746 22.1628 .01053505 0.973 
2 3 1 21.7645 22.5723 .00577249 0.783 
2 3 2 20.6433 22.2745 .01873462 0.896 
2 3 3 20.9025 21.2763 .01809826 0.511 
3 3 1 21.2095 21.8439 .00867974 0.910 
3 3 2 21.3984 21.9906 .01681132 0.602 
3 3 3 21.1989 22.6477 .00883713 0.849 
3 1 3 1 24.2383 25.8766 .01645124 0.917 
3 1 3 2 22.3686 24.9485 .02454886 0.969 
3 1 3 3 22.7752 23.9710 .03277242 0.345 
3 2 3 1 24.4403 25.7201 .02141532 0.875 
3 2 3 2 22.3249 24.7021 0.847 
3 2 3 3 22.0512 23.7683 .03592007 0.978 
3 3 3 1 24.2216 25.5355 .01794766 0.969 
3 3 3 2 23.3984 23.7796 .02157470 0.845 
3 3 3 3 22.9700 23.9800 .44366342 0.636 
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Model 3a - Sphere (One Term) 
M 
Treatment 
^el \2 , ^  ^2 
% d.b. % d.b. in /24 hrs. 
1 3 1 21.1462 21.8474 .00359663 0.917 
1 3 2 21.5491 21.9902 .01581858 0.620 
1 3 3 20.0123 22.2054 .00527494 0.977 
2 3 1 22.1085 22.8659 .00230243 0.813 
2 3 2 20.6687 22.2991 .00975361 0.903 
2 3 3 20.9371 21.3043 .00929971 0.528 
3 3 1 21.3353 21.9497 .00401201 0.933 
3 3 2 21.4465 22.0355 .00847684 0.632 
3 3 3 21.2910 22.7514 .00418073 0.870 
3 1 3 1 24.2222 25.8508 .00846206 0.923 
3 1 3 2 22.3576 24.9352 .01306278 0.971 
3 1 3 3 22.7759 23.9686 .01808728 0.343 
3 2 3 1 24.4238 25.6949 .01108617 0.796 
3 2 3 2 22.3242 24.6990 .01855700 0.846 
3 2 3 3 22.0501 23.7650 .01981156 0.977 
3 3 3 1 24.2067 25.5115 .00929190 0.975 
3 3 3 2 23.3898 23.7618 .01141752 0.851 
3 3 3 3 22.9785 23.9897 .04429797 0.636 
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Model 3b - Sphere (Two Terms) 
Treatment 
\l 
% d.b. 
^e2 
% d.b. in /24 hrs. 
M 
1 3 1 21.0954 21.8025 .00391600 0.912 
1 3 2 21.5491 21.9390 .01590313 0.620 
1 3 3 19.9992 21.1846 .00551040 0.976 
2 3 1 21.8771 22.6616 .00284580 0.797 
2 3 2 20.6650 22.2929 .00991337 0.903 
2 3 3 20.9294 21.2959 .00951135 0.526 
3 3 1 21.2704 21.8903 .00440816 0.924 
3 3 2 21.4301 22.0173 .00878211 0.625 
3 3 3 21.2347 22.6831 .00457376 0.859 
3 1 3 1 24.2254 25.8503 .00849179 0.923 
3 1 3 2 22.3581 24.9345 .01305068 0.971 
3 1 3 3 22.7769 23.6989 .01811936 0.342 
3 2 3 1 24.4249 25.6929 .01105557 0.798 
3 2 3 2 22.3247 24.6992 .01857129 0.845 
3 2 3 3 22.0504 23.7646 .01981197 0.977 
3 3 3 1 24.2098 25.5113 .00931727 0.975 
3 3 3 2 23.3910 23.7602 .01141103 0.852 
3 3 3 3 22.9747 23.9847 .48456642 0.636 
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y., dci la - Infinite Slab (One Term) 
Treatment 
^el 
% d.b. 
^e2 
% d.b. in /24 hrs. R 
M 
1 2 1 18.5903 18.4828 .00445656 0.904 
1 2 2 19.7116 20.5615 .00557496 0.938 
1 2 3 19.2497 19.9832 .00982151 0.929 
2 2 1 17.8785 17.9096 .00326053 0.836 
2 2 2 19.5073 19.9415 .00344409 0.941 
2 2 3 21.1845 20.8014 .00363442 0.940 
3 2 1 17.7550 17.5705 .00250707 0.823 
3 2 2 18.4528 18.8145 .00327710 0.916 
3 2 3 19.7882 19.7595 .00422591 0.924 
3 1 2 1 27.8244 30.4019 .01208646 0.975 
3 1 2 2 18.2454 27.3171 .01525320 0.973 
3 1 2 3 20.0540 27.2020 .01953943 0.995 
3 2 2 1 27.7176 30.3297 .00896853 0.951 
3 2 2 2 26.5146 30.5669 .01226704 0.90? 
3 2 2 3 24.4660 29.2203 .01788238 0.928 
3 3 2 1 28.8735 30.7666 .01054748 0.953 
3 3 2 2 28.0229 30.7932 .01780973 0.958 
3 3 2 3 26.5401 29.4654 .02279654 0.940 
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Model lb - Infinite Slab (Two Terms) 
Treatment 
"el "e2 D 
M B P T 
% d.b. % d.b. in^/24 hrs. 
1 1 2 1 18.7857 18.6504 .00406916 0.903 
1 1 2 2 19.8439 20.6881 .00511603 0.935 
1 1 2 3 1C.2637 19.9977 .00976290 0.931 
1 2 2 1 18.4890 18.3767 .00250121 0.857 
1 2 2 2 20.3998 20.7316 .00255877 0.959 
1 2 2 3 22.3504 21.7547 .00265055 0.958 
1 3 2 1 18.5974 18.2118 .00176093 0.857 
1 3 2 2 19.1707 19.4128 .00249069 0.937 
1 3 2 3 20.6440 20.4455 .00248800 0.946 
3 1 2 1 27.8532 30.4131 .01283387 0.973 
3 1 2 2 27.7323 23.3446 .01176221 0.975 
3 1 2 3 20.1090 27.2205 .01936400 0.994 
3 2 2 1 , 27.7215 30.3271 .00923840 0.952 
3 2 2 2 26.5904 30.5974 .01350552 0.906 
3 2 2 3 24.4786 29.2253 .01824599 0.927 
3 3 2 1 28.8661 30.7595 .01074358 0.957 
3 3 2 2 28.0181 30.7867 .01801145 0.960 
3 3 2 3 26.5456 29.4680 .02322566 0.939 
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Model 2a - Infinite Cylinder (One Term) 
Treatment 
^el ^2 n 
M B P T 
% d.b. % d.b. in^/24 hrs. 
1 1 2 1 18.3169 18.2443 .00171327 0.862 
1 1 2 2 19.3820 20.2813 .00208182 0.869 
1 1 2 3 19.2356 19.9479 .00345656 0.884 
1 2 2 1 17.1056 17.3614 .00162250 0.723 
1 2 2 2 18.6180 19.1910 .00167061 0.843 
1 2 2 3 20.2239 20.0094 .00169170 0.849 
1 3 2 1 16.8247 16.9359 .00136617 0.714 
1 3 2 2 17.5296 18.1114 .00169741 0.804 
1 3 2 3 18.6756 18.9536 .00164691 0.810 
3 1 2 1 27.6856 30.3288 .00354839 0.987 
3 1 2 2 21.0205 28.3746 .00152351 0.946 
3 1 2 3 19.8054 27.0899 .00300489 0.993 
3 2 2 1 27.6678 30.2887 .00287390 0.938 
3 2 2 2 22.8203 29;3227 .00053501 0.947 
3 2 2 3 24.2387 29.1022 .00533989 0.936 
3 3 2 1 28.9055 30.7747 .00381500 0.929 
3 3 2 2 28.0153 30.7840 .00200546 0.946 
3 3 2 3 26.4722 29.4209 .00762951 0.946 
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Model 3a - Sphere (One Term) 
M 
Treatment 
B 
\l 
% d.b. 
\2 
% d.b. in /24 hrs. 
1 2 1 17.8970 17.9336 .00107987 0.792 
1 2 2 18.9714 19.9321 .00124852 0.796 
1 2 3 19.1231 19.8358 .00183342 0.831 
2 2 1 16.7131 17.0856 .00105165 0.638 
2 2 2 18.1108 18.7685 .00107253 0.756 
2 2 3 19.6137 19.5211 .00107718 0.758 
3 2 1 16.3631 16.6292 .00092860 . 0.632 
3 2 2 16.9831 17.6984 .00097755 0.706 
3 2 3 18.1548 18.5740 .00104918 0.718 
3 1 2 1 27.6302 30.2983 .00160237 0.988 
3 1 2 2 22.0416 28.7707 .00100496 0.912 
3 1 2 3 19.9771 27.1684 .00153922 0.979 
3 2 2 1 27.7671 30.3224 .00153035 0.919 
3 2 2 2 24.8256 29,9977 =00057299 0,967 
3 2 2 3 21.4612 27.8867 .00056958 0.932 
3 3 2 1 28.9627 30.7993 .00205533 0.905 
3 3 2 2 28.1380 30.8383 .00144502 0.928 
3 3 2 3 26.4266 29.3927 .00365439 0.949 
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Model la - Infinite Slab (One Term) 
Treatment 
''el '^ e2 D 
M B P T 
% d.b. % d.b. in^/24 hrs. 
1 1 1 1 19.2172 18.4507 .00304592 0.864 
1 1 1 2 19.9859 20.8525 .00316478 0.933 
1 1 1 3 19.4611 22.8243 .00345207 0.934 
1 2 1 1 18.1017 18.3627 .00251754 0.882 
1 2 1 2 19.1801 20.2125 .00331406 0.931 
1 2 1 3 20.2701 20.1318 .00417203 0.956 
1 3 1 1 17.6235 17.3179 .00125629 0.840 
1 3 1 2 19.0167 19.4902 .00293478 0.945 
1 3 1 3 19.2660 19.4569 .00376444 0.922 
3 1 1 1 25.1797 28.1252 .00825720 0.982 
3 1 1 2 25.0077 28.8510 .01263544 0.891 
3 1 1 3 24.1747 28.5324 .01969489 0.920 
3 2 1 1 28.8848 30.2895 .01028950 0.973 
3 2 2 24.9217 30,2328 =01673669 0:960 
3 2 1 3 26.4634 29.1757 .02894493 0.910 
3 3 1 28.1630 31.4098 .01022736 0.970 
3 3 1 2 27.9055 30.4632 .01446157 0.971 
3 3 1 3 27.2563 29.3190 .01916835 0.942 
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Model lb - Infinite Slab (Two Terms) 
M 
Treatment 
B P T 
\l 
% d.b. 
^e2 
% d.b. 
D 
in^/24 hrs. 
R2 
1 1 1 1 20.5011 19.3471 .00199500 0.892 
1 1 1 2 20.5997 21.4512 .00314632 0.948 
1 1 1 3 21.1513 25.0888 .00201780 0.951 
1 2 1 1 18.8445 18.9991 .00188560 0.906 
1 2 1 2 20.1620 21.1676 .00235836 0.951 
1 2 1 3 20.7206 20.5016 .00360062 0.969 
1 3 1 1 17.9152 17.5193 .00334095 0.855 
1 3 1 2 19.8700 20.2432 .00219486 0.964 
1 3 1 3 19.9211 19.9970 .00298482 0.941 
3 1 1 1 25.2984 28.1929 .00872282 0.980 
3 1 1 2 25.0499 28.8713 .01321796 0.890 
3 1 1 3 24.1999 28.5442 .02029754 0.919 
3 2 1 1 28.8896 30.2925 .01012569 0.972 
3 2 2 24.9306 30.2324 ,01703331 0.960 
3 2 1 3 26.4664 29.1777 .02936874 0.910 
3 3 1 1 28.1953 31.4069 .01095645 0.969 
3 3 1 2 27.9876 30.4945 .01498524 0.969 
3 3 1 3 27.2679 29.3273 .01948831 0.942 
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Model 2a - Infinite Cylinder (One Term) 
M 
Treatment 
B P T 
^el 
% d.b. 
^2 
% d.b. 
D 
in^/24 hrs. 
R2 
1 1 1 1 18.2330 17.7723 .00155827 0.760 
1 1 1 2 19.2220 20.1314 .00176109 0.845 
1 1 1 3 18.6711 21.7543 .00155204 0.875 
1 2 1 1 17.0719 17.5938 .00137191 0.767 
1 2 1 2 18.2849 19.3987 .00163093 0.841 
1 2 1 3 19.5318 19.5593 .00185853 0.862 
1 3 1 1 17.0185 16.9589 .00183160 0.730 
1 3 1 2 17.9790 18.6673 .00152540 0.843 
1 3 1 3 18.4551 18.8317 .00178791 0.811 
3 1 1 1 25.3492 28.2617 .00190034 0.960 
3 1 1 2 24.6769 28.7144 .00354975 0.908 
3 1 1 3 23.6066 28.2257 .00459922 0.945 
3 2 1 1 28.8477 30.2616 .00843091 0.977 
3 2 2 24,7712 30.1824 .00528673 0,963 
3 2 1 3 26.4066 29.1333 .00986494 0.915 
3 3 1 1 28.0709 21.3884 .00314619 0.974 
3 3 1 2 28.1686 30.5671 .00183336 0.949 
3 3 1 3 27.2577 29.3085 .00313373 0.923 
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Model 2b - Infinite Cylinder (Two Terms) 
M 
Treatment 
B P T 
^el 
% d.b. 
\2 
% d.b. 
D 
in^/24 hrs. 
R2 
1 1 1 1 19.6453 18.6566 .00086010 0.830 
1 1 1 2 20.5594 21.3376 .00106715 0.911 
1 1 1 3 19.8195 23.2454 .00102455 0.926 
1 2 1 1 18.1955 18.3994 .00072965 0.837 
1 2 1 2 19.5951 20.5696 .00094175 0.906 
1 2 1 3 20.8799 20.5629 .00114775 0.934 
1 3 1 1 17.9610 17.4834 .00107456 0.800 
1 3 1 2 19.2910 19.6991 .00087072 0.914 
1 3 1 3 19.6867 19.7585 .00107179 0.891 
3 1 1 1 24.6020 27.8409 .00147552 0.978 
3 1 1 2 24.8947 28.8445 .00438496 0.895 
3 1 1 3 23.9540 28.4358 .00620379 0.934 
3 2 1 28.8468 30.2810 .00892963 0.979 
3 2 2 24=8306 30.2236 nnsHiQ07 0.960 
3 2 1 3 26.4242 29.1635 .01048320 0.911 
3 3 1 1 28.1332 31.4225 .00376816 0.973 
3 3 1 2 27.4839 30.3324 .00120947 0.973 
3 3 1 3 27.1692 29.2999 .00315334 0.935 
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Model 3a - Sphere (One Term) 
Treatment 
^el 
% d.b. 
^2 
% d.b. in /24 hrs. 
M 
1 1 1 17.7428 17.4403 .00100804 0.670 
1 1 2 18.7136 19.6631 .00110308 0.762 
1 1 3 18.1424 21.0598 .00106567 0.815 
2 1 1 16.5664 17.2204 .00093196 0.682 
2 1 2 ]7.6731 18.8494 .00101660 0.758 
2 1 3 19.0521 19.1922 .00114318 0.772 
3 1 1 16.6674 16.7531 .00114436 0.664 
3 1 2 17.1326 18.0005 .00107618 0.745 
1 3 1 3 17.9829 18.4696 .00113144 0.721 
3 1 1 1 25.7766 28.5531 .00117197 0.918 
3 1 1 2 24.4444 28.6373 .00148400 0.914 
3 1 1 3 20.0173 26.4122 .00041756 0.991 
3 2 1 1 28.8111 30.2337 .00389490 0.971 
3 2 2 24.6732 30.1548 ,00242269 0,963 
3 2 1 3 26.3485 29.0911 .00464699 0.908 
3 3 1 1 28.0918 31.3886 .00155856 0.971 
3 3 1 2 28.4235 30.6794 .00114984 0.920 
3 3 1 3 27.3554 29.3724 .00167282 0.894 
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DIFFUSION EXPERIMENT PARAMETERS FROM 
EXPONENTIAL FUNCTION SOLUTION 
Adsorption and Desorption Constants 
M 
Tr 
B 
eatment 
P T 
K 
1/24 hrs. 
R2 
K 
1/24 hrs. 
r2 
1 1 3 1 .35217611 .911 
1 1 3 2 .76961242 .742 
1 1 3 3 .54293222 .843 
1 2 3 1 .34597406 .757 
1 2 3 2 .72675713 .918 
1 2 3 3 .55109658 .839 
1 3 3 1 .48590043 .941 
1 3 3 2 .43926606 .779 
1 3 3 3 .46870450 .723 
3 1 3 1 .30313663 .651 .78277656 .807 
3 1 3 2 .45743519 .644 1.13416838 .822 
3 1 3 3 .15169081 .299 .45534216 .483* 
3 2 3 1 .34621861 .678 .86357029 .840 
3 2 3 2 .30490960 .555 .78964887 .732 
3 2 3 3 1.24376990 .847 1.42334556 .939 
3 3 3 1 .69568302 .840 1.27447410 .943 
3 3 3 2 .40255698 .563 1.02132051 .724 
3 3 3 3 ,29990056 .313 ,83961235 .470 
*Data affected by mold growth during experimentation. 
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Adsorption and Desorption Constants (Continued) 
Treatment 
K 
M B P T 
1/24 hrs. 
1 1 2 1 .13616049 .957 
1 1 2 2 .19316070 .981 
1 1 2 3 .21549739 .931 
1 2 2 1 .15491591 .941 
1 2 2 2 .14348049 .966 
1 2 2 3 .14908331 .957 
1 3 2 1 .10006506 .970 
1 3 2 2 .14708348 .993 
1 3 2 3 .13578349 .987 
3 1 2 1 .66427230 .916 
3 1 2 2 .31605149 .969 
3 1 2 3 .54951215 .990 
3 2 2 1 .42050194 .938 
3 2 2 2 .55959339 .919 
3 2 2 3 .61800940 .912 
3 3 2 1 .53233507 .924 
3 3 2 2 .41377513 .949 
3 3 2 3 .76955457 .974 
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Adsorption and Desorption Constants (Continued) 
Treatment 
K 
R2 
M B P T 
1/24 hrs. 
1 1 1 1 .10939257 .968 
1 1 1 2 .18172971 .860 
1 1 1 3 .12978523 .970 
2 1 1 .14234303 .912 
1 2 1 2 .13003209 .983 
1 2 1 3 .15463603 .992 
1 3 1 1 .17733957 .949 
1 3 1 2 .12199909 .995 
1 3 1 3 .15952257 .988 
3 1 1 1 .37939821 .977 
3 1 1 2 .98717065 .744 
3 1 1 3 1.02421791 .769 
3 2 1 1 .84204311 .973 
3 2 2 .71162942 .912 
3 2 1 3 .83586207 .908 
3 3 1 1 .52805730 .783 
3 3 1 2 .31364004 .942 
3 3 1 3 .51548311 .935 
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Legend for thermal moisture conductivity parameters: 
M - Moisture content (Initial) 
Ml - Average: 8.75% w.b. 
M2 - Average; 12.06% w.b. 
M3 - Average: 14.33% w.b. 
T - Temperature of heated grain surface 
T1 - Temperature obtained with 20 volts setting (105° F av.) 
T2 - Temperature obtained with 30 volts setting (145° F av.) 
T3 - Temperature obtained with 40 volts setting (189° F av.) 
t - Time interval 
tl - 1 day (24 hrs.) 
t2 - 2 days(48 hrs.) 
t3 - 3 days(72 hrs.) 
R - Replicate 
R1 - First sample 
R2 - Replicate (Second) sample 
AM = Moisture content difference over thickness AX, decimal 
AT = Temperature difference over thickness AX 
M. loss = Moisture loss over thickness AX 
AX = Slice of thickness = 3 in. 
J = Rate of moisture loss 
m 
D = Diffusion coefficient 
p_ = Bulk density of solids 
5 = Thermal gradient coefficient 
THERMAL MOISTURE CONDUCTIVITY PARAMETERS 
Tieatraent AT AM AM/AT M. loss J 
m 
J^AX/p,DAT 6 
M T t R 
°F decimal X 10-G °F-1 X 10~^ lb X 10 ^ Ib/ln^-hr °F-1 °F-1 
1 1 1 1 22.0 .004788 217.6363 230516 4.8917 .0294 .0296 
1 1 1 2 20.0 .004788 239.4000 173316 3.6779 .0243 .0245 
1 1 2 1 20.0 .011704 585.2000 356928 3.7871 .0250 .0256 
1 1 2 2 20.0 .009842 492.1000 365794 3.8812 .0256 .0263 
1 1 3 1 20.0 .013965 698.2500 519805 3.6768 .0242 .0248 
1 1 3 2 20.0 .011039 551.9500 537823 3.8043 .0251 .0256 
2 1 1 1 22.0 .009443 429.2272 594451 12.6146 .0756 .0760 
2 1 1 2 18.0 .015428 857.1111 739596 15.6947 .1149 .1157 
2 1 2 1 19.5 .014895 763.8974 887172 9.4132 .0638 .0645 
2 1 2 2 20.0 .026733 1336.6500 1468181 15.5778 .1029 .1042 
2 1 3 1 20.0 .024871 1243.5500 962247 6.8065 .0450 .0462 
2 1 3 2 19.0 .033915 1785.0000 1513655 10.7069 .0744 .0762 
3 1 1 1 22.0 .019817 900.7727 998569 21.1902 .1272 .1281 
3 1 1 2 24.0 .016226 676.0833 782782 16.6111 .0914 .0921 
3 1 2 1 21.0 .033250 1583.3333 1808950 19.1937 .1207 .1223 
3 1 2 2 20.5 .034979 1706.2926 1433003 15.2046 .0980 .0997 
3 1 3 1 20.0 .048146 2407.3000 2583009 18.2710 .1207 .1231 
3 1 3 2 21.0 .049210 2343.3333 2057770 14.5557 .0916 .0939 
THERMAL MOISTURE CONDUCTIVITY PARAMETERS (CONTINUED) 
Treatment AT AM AM;/AT M. loss J* J^AX/PsDAT 6 
M T t R 
°F decimal X lO-G °F-1 X 10"^ lb X 10 ^ Ib/ln^-hr °F-1 op-1 
1 2 1 1 42.0 .023009 547.8333 928213 19.6972 .0388 .0393 
1 2 1 2 42.0 .024339 579.5000 1066923 22.6408 .0446 .0452 
1 2 2 1 41.5 .034447 830.0481 1251679 13.2807 .0265 .0273 
1 2 2 2 42.0 .036575 870.8333 2034175 21.5832 .0425 .0434 
1 2 3 1 41.0 .045619 1112.6585 1970683 13.9397 .0281 .0292 
1 2 3 2 43.0 .042028 977.3953 2169596 15.3467 .0295 .0305 
2 2 1 1 45.0 .037905 842.3333 1901185 40.3443 .0742 .0750 
2 2 1 2 42.0 .060781 1447.1666 2662517 56.5002 .1127 .1128 
2 2 2 .1 40.0 .062377 1559.4250 2262689 24.0078 .0496 .0512 
2 2 2 2 42.0 .078736 1874.6666 3627052 38.4841 .0758 .0777 
2 2 3 1 41.5 .080332 1935.7108 3084224 21.8164 .0435 .0454 
2 2 3 2 42.0 .093632 2229.3333 4585724 32.4373 .0639 .0661 
3 2 1 1 39.0 .071554 1834.7179 3295578 69.9342 .1483 .1502 
3 2 1 2 39.0 .088711 2274.4641 2915627 61.8714 .1312 .1335 
3 2 2 1 41.0 .104139 2539.9756 4341623 46.0660 .0929 .0955 
3 2 2 2 41.0 .107996 2634.0487 4762472 50.5313 .1019 .1046 
3 2 3 1 41.5 .127015 3060.6024 4731155 33.4660 .0667 .0698 
3 2 3 2 41.0 .128877 3143.3414 4822389 34.1113 .0688 .0719 
THERMAL MOISTURE CONDUCTIVITY PARAMETERS (CONTINUED) 
Treatment AT AM AM/AT M. loss J 
m 
J^AX/p^DAT 6 
M T t R 
°F decimal X 10~'' °F"^  X 10"* lb X 10"* Ib/in^-hr op-1 °F-1 
1 3 1 1 60.0 .067431 1123.8500 2312167 49.0656 .0448 .0460 
1 3 1 2 63.0 .076209 1209.(5666 3330613 70.6776 .0615 .0627 
]. 3 2 1 62.0 .075145 1212.0161 2882165 30.5806 .0270 .0282 
1 3 2 2 66.0 .084987 1287.(5818 4220359 44.7793 .0372 .0385 
1 3 3 1 67.0 .108262 1615.8307 4438434 31.3954 .0257 .0273 
1 3 3 2 65.0 .084987 1307.4923 4635059 32.7863 .0277 .0290 
2 3 1 1 68.5 .102144 1491.1532 3683108 78.1578 .0626 .0641 
2 3 1 2 63.0 .120631 1827.7424 4814667 102.1702 .0889 .0910 
2 3 2 1 66.0 .135926 2059.4848 4772482 50.6375 .0421 .0441 
2 3 2 2 69.0 .149758 2170.4057 6026306 63.9409 .0508 .0530 
2 3 3 1 66.0 .155477 2355.7121 6338189 44.8334 .0373 .0396 
2 3 3 2 69.0 .178885 2592.5362 6236945 44.1163 .0351 .0377 
3 3 1 1 65.0 .161728 2488.1230 7403396 157.1046 .1326 .1350 
3 3 1 2 59.0 .153349 2599.1356 5140993 109.0950 .1014 .1040 
3 3 2 1 61.5 .190988 3105.4959 6880016 72.9991 .0651 .0682 
3 3 2 2 64.0 .196840 3075.(5250 6529380 69.2787 .0594 .0624 
3 3 3 1 64.0 .210007 3281.3593 7892599 55.8286 .0478 .0511 
3 3 3 2 64.0 .209608 3275.1250 8192756 57.9518 .0497 .0529 
